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growth,  techniques  such  as  acoustic  emission  and  X-ray  radiography.  Micro- 
structural  studies  using  scanning  electron  microscopy  and  photomicrography 
were  employed  as  well.  A  description  of  all  experimental  procedures  and 
techniques  is  given,  e.g.  mechanical  and  nondestructive  testing,  and  a 
summary  of  representative  results  is  presented.  The  report  includes  a 
comparison  between  the  experimental  results  and  several  of  the  existing  basic 
analytical  appioaches,  a  correlation  between  the  various  testing  techniques, 
together  with  an  assessment  of  the  effect  of  the  experimental  technique  on 
the  characterization  of  failure. 


l!NCLASSIKIi:i> 


SUMMARY 


This  progress  report  describes  the  results  of  research  work  on  the 
characterization  of  fracture  behavior  in  boron/aluminum  (B/Al)  composites 
during  the  period  April  1,  1979  to  May  31,  1980.  Emphasis  has  been  placed 
on  the  correlation  between  the  observed  failure  modes  and  the  deformation 
characteristics  of  center-notched  B/Al  composites,  where  particular  attention 
has  been  given  to  the  proper  test  procedure  and  analytical  approach  employed. 

The  purpose  of  this  work  is  not  merely  to  generate  and  furnish  quantitative 
data  but  also  to  discuss  the  appropriate  methodology  to  be  employed  in 
characterizing  a  new  composite  material  system.  The  investigation  focused 
on  the  deformation  characteristics,  crack  tip  damage  growth,  fracture  strength 
and  notch  sensitivity  and  the  associated  characterization  methods.  Special 
attention  has  also  been  given  to  nondestructive  evaluation  of  internal  damage 
and  damage  growth,  techniques  such  as  acoustic  emission  and  X-ray  radiography. 
Microstructural  studies  using  scanning  electron  microscopy  and  photomicrography 
were  empl9ydd  as  well. 

A  description  of  all  experimental  procedures  and  techniques  is  given,  e.g. 
mechanical  and  nondestructive  testing,  and  a  summary  of  representative  results 
is  presented.  The  report  includes  a  comparison  between  the  experimental 
results  and  several  of  the  existing  basic  analytical  approaches,  a  correlation 
between  the  various  testing  techniques,  together  with  an  assessment  of  the 
effect  of  the  experimental  technique  on  the  characterization  of  failure. 
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I.  INTRODUCTION 


A.  General  -  The  mechanical  behavior  of  advanced  composite  materials  is 
heavily  dependent  upon  the  influence  of  environmental  factors  such  as  tempera¬ 
ture,  moisture,  and  load  history.  Metal  matrix  composites  do  demonstrate 
certain  advantages  over  resin  matrix  composites,  having  larger  operating 
temperature  ranges,  higher  strength,  better  transverse  and  shear  properties, 
better  impact  resistance,  and  no  exposure  to  the  potential  problem  of  moisture 
absorption,  to  name  only  the  most  significant.  Metal  matrix  composites  have 
not  been  studied  as  intensively  as  resin  matrix  composites,  and  their 
applications  were  not  as  numerous,  mainly  because  of  cost  effectiveness. 

However,  recent  advances  in  manufacturing-fabrication  methods  and  technology 

of  metal  matrix  composites,  particularly  boron/aluminum  composites,  e.g.  [1,2,3], 
coupled  with  the  recognized  advantages  in  their  mechanical  properties,  e.g.  [2], 
make  these  materials  increasingly  strong  candidates  for  future  applications  in 
aircraft  and  aerospace  structures.  Boron /Aluminum  composites  are  now  being 
considered  for  numerous  applications,  such  as  jet  engine  fan  blades,  landing 
gears,  transmission  housing,  other  aircraft  structures,  missiles, and  aerospace 
vehicles.  Additional  applications  are  listed  in  Ref.  [2].  In  short,  metal 
matrix  composites  are  chosen  when  a  combination  of  high  strength,  high 
stiffness,  light  weight,  and  high  operating  temperatures  is  required. 

B.  Mechanical  Behavior  -  Boron /aluminum  composites  have  received  most  of  the 
attention,  among  a  variety  of  metal  matrix  composites,  in  the  research  activity 
and  applications  studies  of  recent  years.  The  mechanical  behavior  has  been 
studied  extensively  and  results  published  in  many  reports  and  publications. 

Data  on  the  axial  and  transverse  tensile  properties  of  boron/aluminum  composites 
using  different  matrix  alloys,  different  temper  conditions  and  fibers  are  given 
in  [4,5].  Tensile,  fatigue,  creep,  and  stress-rupture  behavior  of  uniaxial 


1 


and  biaxial  laminates  at  different  temperatures  are  given  in  [6,7].  Fatigue 
behavior  and  failure  mechanisms  have  also  been  studied  [8]  as  well  as  the  non¬ 
linear  behavior  in  tension  and  compression  of  different  laminates  [9,10].  This 
is  only  a  sample  of  the  numerous  studies  and  publications  in  which  the  various 
parameters  influencing  the  mechanical  behavior  of  boron/aluminum  composites  were 
investigated,  all  of  which  provide  a  good  understanding  of  the  behavior  and 
potential  application  of  these  materials. 

C.  Fracture  -  A  subject  of  extreme  concern  is  the  fracture  behavior  of  B/Al 
composites  which  exhibit  extremely  low  elongation  up  to  fracture,  and  several 
studies  have  addressed  this  issue  [11-17].  The  applicability  of  linear  elastic 
fracture  mechanics  (LEFM)  to  unidirectional  B/Al  has  been  discussed  [11-13]  with 
varying  conclusions.  For  example,  Kreider  and  Dardi  [11],  and  Mar  [12]  concluded 
that  the  correlation  between  fracture  strength  and  half  crack  length  a  is  best 
described  by  an  equation  of  the  form  ara  =  const.  However,  contrary  to  LEFM 
predictions,  the  exponent  m  was  found  to  be  less  than  one  half.  Wright  [13] 
concluded  that  LEFM  can  be  applied,  provided  that  the  crack  extension  prior  to 
failure  is  added  to  the  initial  crack  length.  With  this  assumption,  the  data  of 
[13]  as  well  as  [11]  agree  with  predictions  based  on  LEFM.  This  assumption 
follows,  in  fact,  the  analytical  models  proposed  in  [14,15]  for  notched  strength 
predictions  of  composites.  Hancock  and  Swanson  [16]  concluded  that  the 
conventional  concepts  of  fracture  toughness  can  be  useful  in  characterizing 
the  toughness  of  unidirectional  B/Al.  Sun  and  Prewo  [17]  showed  that  the 
fracture  toughness  of  B/Al  can  be  described  by  LEFM  provided  the  crack  extension 
is  colinear  with  the  initial  pre-machlned  notch,  as  is  the  case  for  [90° ]  or 
[0°/90°]  laminates  of  compact  tension  specimen  geometry.  For  unidirectional 
B/Al,  such  an  approach  is  not  relevant  [17]  due  to  the  large  amount  of  plastic 
deformation  of  the  matrix  parallel  to  the  filaments.  Similar  damage  growth  and 
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modes  of  failure  under  static  and  fatigue  loadings  have  been  observed  and 
discussed  in  [11,18,19,20].  In  general,  it  has  been  shown  that  the  failure 
of  unidirectional  B/Al  is  preceded  by  longitudinal  plastic  deformation  at 
the  crack  tip  which  eventually  leads  to  matrix  cracking  and  crack  tip  blunting, 
all  of  which  contribute  to  the  crack  arresting  mechanism.  The  incipient  matrix 
cracking  has  been  described  by  the  elastic  stress  intensity  factor  [18]. 

Obviously  when  different  analytical  approaches  and  experimental  techniques 
are  employed  to  define  fracture  toughness,  the  resulting  toughness  values  vary 
significantly.  Nevertheless,  the  majority  of  the  values  are  still  very  promising  in 
comparison  with  other  metal  or  resin  matrix  composites. 

With  regard  to  mechanical  properties,  attention  has  been  directed  primarily 
toward  unidirectional  5.6  mil  B/A1-6061F.  However  with  the  more  demanding  re¬ 
quirements  for  toughness,  recent  attention  has  been  given  to  other  material 
systems,  e.g.  unidirectional  8.0  mil  B/A1-1100F,  primarily  for  jet  engine  fan 
blade  applications.  For  such  applications,  better  impact  resistant  and  less 
notch  sensitive  material  systems  are  being  sought.  Charpy  test  results  [21-23] 
have  shown  that  8.0  mil  B/A1-1100F  does  demonstrate  certain  advantages  over  the 
more  common  5.6  mil  B/A1-6061F.  The  choice  of  low  shear  strength  matrices  such 
as  1100  aluminum  combined  with  high  strength  fibers  provides  a  material  system 
capable  of  dissipating  high  levels  of  energy  upon  impact  loading  [21] .  Limited 
studies  have  also  been  directed  toward  the  use  of  B/Al  laminates  [21-23]. 

D.  Objectives  -  The  bulk  of  the  research  on  B/Al  composites  has  explored  the 
mechanical  behavior,  notch  sensitivity,  fracture  behavior  and  failure  modes  at 
room  temperature.  Very  little  research  on  the  fracture  behavior  of  B/Al  systems 
at  elevated  temperatures  has  been  conducted  so  far,  e.g.  [24,25],  despite  the 
recognized  and  established  advantages  of  B/Al  under  larger  operating  temperature 
ranges.  Studies  on  the  fracture  behavior  of  specific  B/Al  systems  such  as 
unidirectional  8.0  mil  B/A1-1100F  [26,27],  B/Al  laminates  [27,28],  or  the 


effects  of  constituents  on  fracture  behavior  are  even  more  limited,  both  at 


room  and  elevated  temperatures. 

The  objective  of  the  current  research  work  has  been  to  conduct  a  detailed 
and  comprehensive  study  on  the  fracture  behavior  of  B/Al  composites  at  room 
and  elevated  temperatures  with  emphasis  on  the  deformation  behavior,  load-time 
flaw  growth,  and  the  associated  characterization  methods.  Special  attention  is 
also  being  given  to  nondestructive  evaluation  of  damage  growth,  such  as  acoustic 
emission.  X-ray  radiography,  ultrasonic  C-scan  techniques,  and  microstructural 
studies  using  scanning  electron  microscope  (SEM)  and  photomicrography. 

The  effect  of  elevated  temperatures  on  damage  progression,  notch  sensitivity, 
and  deformation  characteristics  is  being  investigated  through  a  variety  of 
experimental  techniques  and  the  results  are  being  compared  with  their  associated 
analyses. 

In  this  study,  five  laminates  of  5.6  mil  B/A1-6061F  are  being  investigated: 
[0]  ,  [90],.,  [±45]_  ,  [0/145/90]  and  [0-/±45]  .  In  addition,  the  effect  of 
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constituents  on  the  fracture  behavior  of  unidirectional  and  transverse  composites 
is  being  studied,  and  the  experimental  work  includes  studies  with  8.0  mil  B/Al- 
HOOF  and  all  combinations  of  fiber  diameter  and  matrix  alloy,  at  both  room  and 
elevated  temperatures . 

This  report  summarizes  results  obtained  to  date  on  the  fracture  behavior  of 
unidirectional  and  transverse  5.6  mil  B/A1-6061F.  The  experimental  results  are 
presented  and  correlated  with  a  number  of  existing  analytical  approaches.  The 
experimental  techniques  are  fully  described  and  a  discussion  of  the  results 
obtained  is  presented.  Currently,  we  are  engaged  in  a  more  detailed  study  of  the 
fracture  behavior  of  these  systems  at  elevated  temperatures,  and  the  work  on 
the  effect  of  constituents  and  of  laminates  has  commenced. 


II.  EXPERIMENTAL  PROCEDURE 


A.  Introduction  -  The  experimental  procedure  employed  in  this  program  included 
a  variety  of  techniques  from  which  the  material  mechanical  properties,  fracture 
behavior,  deformation  characteristics,  and  failure  modes  were  examined.  These 
techniques  include:  a  laser  interferometry  displacement  gage  for  obtaining 
local  load-crack  opening  displacement  (COD)  curves  at  room  and  elevated 
temperatures  from  which  local  compliance  curves  and  the  K-calibration  factor  are 
obtained;  a  standard  compliance  gage  for  obtaining  far-field  load-displacement 
curves  together  with  global  compliance  curves;  and  standard  strain-gages  for 
characterizing  the  material  elastic  properties  at  room  and  elevated  temperatures. 

In  addition,  nondestructive  inspection  techniques  were  employed,  including 
acoustic  emission  and  X-ray  radiography  for  characterizing  the  internal  damage 
prior  to,  during,  and  after  failure  of  the  composite  laminates.  Post-failure 
examination  of  the  fracture  surfaces  was  carried  out  as  well  using  scanning 
electron  microscopy  and  optical  microscopy  techniques. 

All  mechanical  testing  was  performed  on  a  closed-loop  servo  hydraulic  Instron 
testing  machine  (Model  1331)  at  a  displacement  rate  of  0.127  mm/rain  (0.005  inch/min). 

Implementation  of  these  techniques  required  the  purchasing  of  a  wide  range 
of  instrumentation,  the  details  of  which  are  given  at  the  end  of  this  Section. 

A  general  view  of  part  of  our  testing  facility  is  shown  in  Figure  1. 

B.  Materials  -  The  material  tested  in  this  program  is  5.6  mil  B/A1-6061F. 
manufactuerd  by  DWA  Composite  Specialties.  Two  types  of  specimen  were  used: 
center-notched  specimens  with  dimensions  of  216  mm  (8.5  inch)  long  x  25.4  mm 
(1.0  inch)  wide;  and  unnotched  specimens,  from  which  basic  mechanical  properties 
are  obtained,  with  dimensions  of  216  mm  (8.5  inch)  long  x  12.7  mm  (0.5  inch)  wide. 
Center  notches  of  about  0.25,  1.27,  2.54,  5.1,  7.6,  10.2  and  12.7  mm  (0.01,  0.05, 


0.1,  0.2,  0.3,  0.4  and  0.5  inch,  respectively)  long  and  0.37  mm  (0.015  inch) 
wide  were  introduced  by  Electrical  Discharge  Machining  (EDM)  technique.  All 
specimens  were  cut  from  approximately  216  x  216  mm  (8.5  x  3.5  inch)  plates  by 
EDM,  with  minimum  damage  along  the  specimen  edges.  A  list  of  specimens  purchased 
is  given  in  Table  I. 

In  order  to  obtain  maximum  information  and  reliable  data,  the  experimental 
program  calls  for  one  to  three  tests  (data  points)  per  crack  length  at  each 
temperature  and  for  each  laminate.  The  exact  number  of  tests  is  to  be  decided 
during  the  work  when  the  reproducibility  of  the  data  is  verified.  The  exact 
number  of  temperatures  used  in  the  testing  program  is  to  be  determined  according 
to  the  actual  test  results  and  the  degree  to  which  the  temperatures  effect  the 
variables  tested. 

Each  of  the  300  specimens  has  been  carefully  measured  at  three  locations 
along  the  length  to  ensure  a  minimum  acceptable  uniformity  in  specimen  dimensions 
The  location  or  each  specimen  on  the  plate  has  also  been  recorded  so  that 
designation  of  specimens  according  to  crack  size  and  test  temperature  could  be 
made  randomly  to  ensure  reliable  test  results. 

The  specimens  were  initially  tested  without  using  the  standard  end  tabs. 
Instead,  a  piece  of  0.1  mm  (0.004  inch)  thick  plastic  sheet  was  attached  to  the 
specimen  surface  on  both  sides  of  the  specimen  ends,  backed  by  a  400  grit 
sanding  paper.  For  all  practical  purposes  this  procedure  successfully  eliminated 
grip  slippage.  However,  during  the  course  of  our  acoustic  emission  studies  we 
found  that  this  gripping  technique  produces  a  large  amount  of  acoustic  emission, 
and  in  fact  causes  the  recording  of  erroneous  data.  To  avoid  this  unwanted  emission 
end  tabs  were  used  for  many  of  the  specimens  tested  for  acoustic  emission.  The 
introduction  of  end  tabs  also  improved  the  recording  of  crack  opening  displace¬ 
ment  measured  with  the  laser  interferometric  displacement  gage  (see  Section  II-C) 

The  end  tabs  were  made  of  aluminum  doublers,  25.4  mm  (.10  inch)  square,  cut 


TABLE  I:  LIST  OF  NUMBER 

OF  SPECIMENS 

Material 

No.  of  Spec 

.  purchased 

No.  of  SDec. 

Machined 

Notched 

Unnotched 

Notched 

Unnotched 

[0]g  5.6  mil  -  6061F 

204 

56 

159 

46 

[90]g  5.6  mil  -  6061F 

67 

27 

67 

27 

[±45]9s  5.6  mil  -  6061F 

68 

36 

68* 

127* 

[0/90] 2g  5.6  mil  -  6061F 

68 

36 

68* 

127* 

[0]g  8.0  mil  -  HOOF 

48 

27 

48* 

92* 

[0]g  8.0  mil  -  6 06 IF 

48 

27 

48* 

92* 

[0]g  5.6  mil  -  HOOF 

48 

27 

48* 

92* 

Aluminum  matrix  6061F 

- 

30 

- 

30 

Aluminum  matrix  1100F 

“ 

30 

- 

30 

The  machining  of  the  B/Al  material  is  done  most  effectively  by  Electrical 

Discharge  Machining  (EDM) . 

This  process 

is  difficult 

and  expensive,  there- 

fore  those  specimens  which 

have  not  yer 

been  machined 

and  slotted 

will  be 

machined  under  the  second 

phase  of  this 

program . 

*  To  be  machined  during  the  second  year  program  of  study. 
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from  1.27  mm  (0.05  inch)  2024-T6  sheets,  and  glued  with  epoxy  onto  the 
specimen  ends.  Two  types  of  adhesive  material  were  used:  the  first  consisted 
of  aluminum  matrix  epoxy  containing  90%  aluminum  by  weight,  and  the  second 
consisted  of  neat  epoxy  resin  regularly  used  in  tabbing  resin  matrix  composites. 

In  regard  to  both  acoustic  emission  and  crack-opening-displacement  measurements, 
no  difference  between  these  two  techniques  was  detected.  Thus  the  second 
technique  which  is  more  simple  to  apply  has  been  adopted. 

C.  Laser  Interferometric  Displacement  Gage  (IDG)  -  The  laser  interferometric 
technique  has  been  successfully  employed  to  measure  the  crack-opening-displacement 
(COD)  of  the  center  notched  unidirectional  metal  matrix  composite  [29].  This 
technique  enables  measuring  the  COD  very  close  to  the  crack  surfaces  (gage  length 
of  500  ym)  and  was  found  to  be  highly  sensitive  in  detecting  crack  tip  damage, 
very  accurate  in  the  submicron  scale,  and  simple  to  utilize.  Moreover,  this 
technique  can  be  used  in  a  large  range  of  environmental  temperatures  [30]. 

Since  a  major  effort  in  the  experimental  program  involved  utilizing  the  IDG 
for  COD  measurement,  and  since  this  technique  has  not  been  employed  in  fracture 
studies  of  composite  materials,  a  detailed  description  of  this  technique  is 
presented  here. 

The  crack  opening  displacement  (COD)  was  measured  by  means  of  laser 
interferometry  technique  which  enables  measuring  displacement  over  a  very 
short  gage  length.  When  a  coherent  monochromatic  light  from  a  laser  source 
impinges  upon  two  closely  adjacent,  reflecting  indentations  on  the  sample, 
it  is  reflected  (diffracted)  back  at  an  agnle  with  respect  to  the  incident 
beam.  The  diffracted  beams  overlap,  generating  interference  fringe  patterns 
on  either  side  of  the  incident  laser  beam.  As  the  distance  (d)  between  the 
indentations  changes,  due  to  the  applied  load,  the  two  fringe  patterns  move. 

As  this  movement  is  observed  from  a  fixed  position,  at  an  angle  aQ,  it  can 
be  related  to  the  change  in  distance  (6d)  between  the  indentations. 


The  equation  locating  the  bright  interef erence  fringes  is  [31] 


d  sin  a  =  rt  (1) 

o 

where  m  is  the  fringe  order  (m  =  0,  ±1,  ±2,  ±3  . ..),  A  is  the  wave  length  of  the 
laser  beam,  d  is  the  spacing  between  indentations  and  aQ  is  the  angle  between 
the  incident  and  reflected  beams. 

The  change  in  distance  between  indentations,  i.e.  the  displacement  6d,  is 
related  to  the  change  in  fringe  order,  6m,  at  the  fixed  observation  point  by: 


5d 


A  6m 
sin  a 


(2) 


where  6m  is  the  number  of  fringes  (or  fraction  of  fringes)  passing  the  fixed 
observation  position. 

Using  a  laser  beam  wavelength  (X)  of  0.6328  ym  (He-Ne  laser)  and  a  =  45° 

o 

Che  calibration  constant  A/sin  acQ  in  Equation  (2)  is  approximately  0.95  pm. 
Thus,  a  fringe  motion  of  6m  =  1  corresponds  to  a  displacement  of  about  one 
micron.  Since  a  shift  of  one  half  fringe  movement  is  easily  detectable,  a 
resolution  of  the  measurement  easily  reduces  to  a  subraicron  scale.  The 
displacement  range  in  this  technique  is  limited  and  depends  on  the  spacing 
between  indentations,  dimensions  of  the  indentations,  and  the  power  of  the 
recording  system.  However,  a  displacement  range  of  up  to  300  ym  is  easily 
obtained  in  our  experiments. 

In  order  to  obtain  clear  fringe  patterns,  the  specimens  should  have  a 
fairly  flat,  smooth  and  reflective  surface.  A  shallow  reflective  indentation 
of  a  pyramidal  shape  was  applied  to  the  specimen  surface  on  either  side  of  the 
center  of  the  crack  with  a  Lietz  microhardness  tester.  The  dimensions  of  the 
indentations  are  approximately  50  x  50  ym.  The  original  distance  between  the 
two  indentations  is  about  500  ym,  with  edges  normal  and  parallel  to  the  crack 
surfaces,  as  shown  in  Figure  2. 


The  instrumentation  system  for  measuring  the  crack  opening  displacement 
is  simple  and  economical  and  consists  of  a  Spectra  Physics  Model  120,  15  mW 


He-Ne  laser,  two  photoresistor  detectors,  two  signal  amplifiers  with  d-c 
voltage  output,  and  a  three-channel  stripchart  recorder,  as  shown  schematically 
in  Figure  3.  The  sensing  elements  were  two  CdS  bulk  effect  photoresistors. 

The  active  face  of  each  of  them  was  masked,  leaving  a  0.1  mm  slit  which  was 
narrower  than  the  fringe  spacing  so  that  the  photoresistors  responded  to  well 
defined  maximum  and  minimum  values  of  intensity.  The  output  signals  of  the 
photoresiscors  were  recorded  on  a  stripchart  recorder  through  a  d-c  amplifier. 

This  recording  technique  is  essentially  similar  to  the  one  described  in 
Reference  [32],  A  comprehensive  description  of  the  laser  interferometric 
technique  is  given  in  Reference  [33]. 

Figure  4  shows  a  typical  intensity  plot  obtained  on  the  stripchart  recorder 
as  the  fringe  patterns  pass  by  the  two  stationary  photoresistors.  This  particular 
plot  (Figure  4)  is  for  a  boron/aluminum  specimen  having  a  12.85  mm  (0.5  inch) 
long  crack.  The  data  reduction  of  these  signals  is  fairly  easy,  although  very 
time  consuming.  Correlating  the  time  at  which  various  maxima  and  minima  occur 
(6m  =  0,  1/2,  1,  1  1/2...)  with  the  load-time  plot  obtained  from  the  Instron 
chart  recorder  output  yields  the  required  load-COD  curve.  Figure  4.  Fringe 
motion  occurs  with  any  rigid  body  motion  of  the  sample.  However,  rigid  body 
motion  can  be  eliminated  by  averaging  the  displacement  obtained  from  the  upper 
and  lower  (Figure  3)  photoresistors  [33]. 

It  should  be  noted  that  the  IDG  technique  has  been  successfully  employed 
for  metal  matrix  composites  [26,27,29,34,35]  as  well  as  for  resin  matrix 
composites  [36,37]. 

D.  Compliance  Gage  -  A  standard  Compliance  Gage  of  25.4  mm  (1.0  inch)  gage 
length  was  used  to  test  for  the  basic  material  properties  of  the  unnotched 
specimens  and  to  obtain  the  far-t'ield  load-displacement  curves  for  the  center- 
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notched  laminates.  For  the  latter,  the  compliance  gage  was  positioned  so  that 
the  crack  was  at  the  center  of  the  gage  section.  The  far-field  load-displacement 
curves  and  their  resulting  global  compliance  curves  are  compared  with  the 
load-COD  curves  obtained  by  means  of  the  IDG  technique  and  with  its  resulting 
local  compliance  curves. 

E.  Strain  Gage  -  Selected  specimens  were  strain-gaged  for  room  and  elevated 
temperature  testing.  Since  all  strain  gages,  strain  gage  instrumentation  and 
tools  were  purchased  from  Micro-Measurements  (M.M.),  the  techniques  used  in 
bonding  the  strain  gages  follows  M.M.  Instruction  Bulletins  (I.B.). 

1.  Room  Temperature  Strain  Gages:  Surface  preparation  followed  the 
procedures  described  in  I.B.  B-129 .  The  bond  system  used  was  M-Bond  200 
(Eastman  910)  and  was  applied  according  to  I.B.  B-127-5.  Three  types  of 
strain  gage  systems  were  applied: 

a.  For  axial  measurements:  M.M.  EA-06-125AC-350  (gage 

length  =  3.18  mm,  grid  width  =  3.18  mm). 

b.  For  Poisson's  ratio  measurements:  a  90°  rosette  composed  of 
two  separate  gages,  M.M.  EA-06-062TT-350  (gage  length  =  1.57  mm, 
grid  width  =  1.91  mm). 

c.  In-plane  shear  modulus  measurements:  two  types  of  90°  rosettes 
will  be  applied  on  [ ±4 5 ] 2 s  B/Al  laminate*  following  Rosen  [38] 
procedure  for  measuring  in-plane  shear  modulus: 

1)  a  90°  rosette  type  M.M.  WK-06-062TT-350  (gage  length  =  1.57  mm, 
grid  width  -  1.91  mm).  This  rosette  has  a  common  electrical 
connection  between  the  gages,  resulting  in  a  direct  measurement 
of  (ex  -  e  )  in  the  recording  system. 

*  To  be  conducted  in  the  second  phase  of  this  program. 
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2)  Same  90°  rosette  that  was  used  for  the  Poisson's  ratiu  as 


described  above.  It  should  be  noted  that  both  techniques 
have  resulted  in  very  similar  results  for  the  in-plane 
shear  modulus. 

The  bridge  amplifier  system  used  was  a  six-channel  Vishay  Instruments 
2100  System.  Bridge  excitation  voltage  was  set  at  one  volt  to  minimize  zero 
drift  due  to  heat  build-up  on  the  gage  grid.  All  strain  readings  were  corrected 
for  errors  due  co  transverse  deformation  of  the  strain  gage  according  to  the 
M.M.  Technical  Note  TN-137. 

2.  Crack  Propagation  Gage:  For  notched  unidirectional  and  transverse 
B/Al,  crack  propagation  gages  were  used  to  measure  the  initiation  of  axial 
plastic  deformation  and  splitting  of  the  matrix.  Two  M.M.  TK-09-CPE02-005 
gages  were  employed  at  both  crack  tips  at  a  distance  of  0.76  mm  (0.03  inch) 
from  the  crack  surface.  This  gage  includes  ten  grid  lines  with  a  spacing  of 
0.254  mm  (0.01  inch).  The  circuitry  used  for  the  crack  propagation  gage  is 
described  in  M.M.  PB-110-2.  Test  results  obtained  to  date  with  this  gage 
indicate  the  early  occurance  of  crack  tip  damage  growth,  however  they  are 
inconclusive  and  are  not  reported  here. 

3.  Elevated  Temperature  Strain  Gages:  For  elevated  temperature  strain- 
gaging  the  specimen  surfaces  were  prepared  according  to  the  M.M./l.B.  B-129. 

The  M.M.  M-BOND  610  was  used  and  applied  according  to  M.M./l.B.  B-130-6.  The 
glue  was  cured  at  350°F  for  one  hour,  making  sure  that  the  heating  rate  did 
not  exceed  20°F/min.  Silver  solder  was  applied  as  described  in  M.M.  TN-129. 

This  procedure  requires  special  care  and  experience  to  avoid  breaking  the 
strain-gage  leads.  For  the  elevated  temperature  axial  gage,  type  M.M.  WK-06- 
125AD-350  (gage  length  =  3.18  mm,  grid  width  =  3.18  mm)  series  was  used.  The 
strain  gage  circuitry  includes  n  dummy  specimen  to  compensate  for  thermal 


12 


scrains  (two-arm  bridge)  and  signals  were  conditioned  by  the  Vishav  2100 
Model  Signal  Conditioner. 

F.  Failure  Modes  -  In  addition  to  the  procedures  described  above  for  monitoring 
damage,  the  fracture  surfaces  were  examined  after  failure  using  Scanning  Electron 
Microscope  (SEM) .  In  order  to  obtain  a  better  view  of  the  fracture  surfaces 

and  so  better  understand  the  different  modes  of  failure,  a  successful  attempt 
has  been  made  to  obtain  stereo  (three-dimensional)  views  of  the  fracture  surface. 

Photomicrographs  were  prepared  as  well  to  monitor  internal  damage  at 
various  locations  along  the  specimens  both  before  and  after  failure. 

G.  Acoustic  Emission  -  A  Dunegan/Endevco  3000  series  acoustic  emission  monitor 
was  used  to  monitor  damage  initiation  and  propagation  in  [0]Q  and  [90],  B/Al 

O  O 

speicmens.  Acoustic  emission  has  been  monitored  for  each  specimen  tested  and 
the  results  are  described  in  Section  IV.  The  data  recorded  include  accumulative 
events  and  counts  and  count-rate  as  a  function  of  load,  line-location  of  events, 
and  amplitude  distribution  histograms  of  events  occurring  within  a  pre-set  area 
of  interest  along  the  specimens,  as  well  as  the  Cumulative  Events  Amplitude 
Distributions  (CEAD)  and  number  of  counts  per  event.  All  these  data  were 
recorded  on  X-Y  recorders. 

A  major  effort  of  this  research  program  was  to  monitor  damage  initiation 
and  progression  through  acoustic  emission  for  the  different  B/Al  laminates  at 
room  and  elevated  temperatures,  notched  and  unnotched  specimens.  Because  of 
the  importance  of  this  part  of  the  overall  program,  a  more  detailed  description 
of  the  significance  of  monitoring  acoustic  emission  and  the  instrumentation 
used  is  given  in  Section  III. 

H.  X-ray  Radiography  -  This  nondestructive  test  technique  has  been  employed 
for  three  major  purposes:  1)  to  detect  internal  damage  and  monitor  crack  tip 
damage  growth,  2)  to  compare  X-ray  radiography  results  with  other  nondestructive 
techniques  such  as  ultrasonic  C-scan,  3)  to  attempt  a  correlation  between 
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monitoring  damage  growth  through  acoustic  emission  and  X-ray  radiography. 

A  Hewlett-Packard  Faxitron  model  43804N  X-ray  cabinet  with  a  3  mA 
continuous  current  and  beryllium  window  (0.63  mm  thick)  was  used  with  a 
focal  distance  of  6.45  mm.  The  specimens  were  X-rayed  at  20  kV  and  exposed 
for  I©  minutes.  AH  photographs  used  Polaroid  Type  57  film. 

Monitoring  damage  through  X-ray  radiography  has  not  revealed  any  conclusive 
results  at  this  stage,  therefore  the  results  are  not  reported  here.  Additional 
studies  are  warranted  before  any  useful  information  can  be  presented. 

I.  Equipment  Used  -  As  described  above,  the  experimental  program  of  this 
research  work  entailed  the  use  of  a  variety  of  equipment  and  instrumentation. 

The  following  is  a  list  of  all  equipment  purchased  for  and/or  built  in  our 
Composites  Laboratory  during  this  program  period  and  which  has  been  used  in 
this  research  activity. 

1.  Spectra  Physics  Model  120  Helium  Neon  Laser  Unit  15  mW 

2.  Soltec  Model  330  3-Pen  Strip  Chart  Recorder 

3.  Photocell  amplifier* 

4.  Laser  unit  bench* 

5.  IDG  oven* 

6.  Omega  Digital  Thermometer  Model  2166A  (Ten  thermocouples) 

7.  Omega  Dual  Set-Point  Temperature  Controller  Model  4002 

8.  Vishay  Instruments  Strain  Gage  Conditioner  and  Amplifier  System 
(Six  Channels)  Model  2100 

9.  Vishay  Instruments  Gage  Installation  Tester  Model  1300 

10.  Vishay  Instruments  Strain  Indicator  Model  P-350A 

11.  Vishay  Instruments  Multi-purpose  Digital  Strain  Indicator  Model  V/E-20A 

12.  Vishay  Instruments  Auxiliary  Digital  Strain  Indicator  Model  V/E-13 

13.  Hewlett-Packard  X-Y-Y'  Recorder  Model  7042A  (Two  Units) 


*  Home-made  units 


14.  Data  Acquisition  System  PDP  1103  Model  MINC-11  (supported  in  part  by 
the  Air  Force  Office  of  Scientific  Research) 

15.  Dunegan/Endevco  3000  Series  Acoustic  Emission  Instrumentation  (supported 
in  part  by  NASA  Langley  Research  Center) 

16.  Hewlett-Packard  X-Ray  Cabinet,  Faxitron  Model  43804N. 

17.  Wassco  Glo-Melt  Resistance  Soldering  Unit. 
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III.  ACOUSTIC  EMISSION  INSTRUMENTATION 


r 


A.  Introduction  -  A  wide  range  of  non-destructive  inspection  (NDI)  techniques 
are  used  to  detect  internal  damage  and  damage  growth  in  composite  systems. 
Ultrasonic  pulse  echo,  brittle  casting.  Moire,  X-ray  and  neutron  radiography 
photoelastic  coating,  thermography,  laser  holography,  acoustic  emission  and 
others  are  used  to  study  those  types  of  damage  which  are  of  principle  concern, 
namely,  delamination,  matrix  crazing  and  fiber  failure.  Monitoring  acoustic 
emission  appears  to  offer  the  most  practical  procedure  for  detecting  damage 
and  damage  growth  because  it  is  more  readily  used  in  actual  service  as  well 
as  in  the  laboratory.  This  is  crucial  for  composite  systems  since  the 
composite  material  is  fabricated  during  the  manufacturing  of  the  composite 
structure,  thus  some  means  of  nondestructive  testing  of  the  complete 
component  including  data  analyses  in  real-time  is  required.  Therefore,  it  is 
not  surprising  that  numerous  works  have  focused  on  the  applicability  of 
acoustic  emission  to  damage  detection  and  monitoring  in  various  composite 
systems  (e.g.  [39-47]). 

Significant  improvements  and  modifications  have  been  made  on  acoustic 
emission  instrumentation,  including  features  for  the  detection  and  location 
of  defects,  amplitude  analysis,  frequency  analysis,  RMS,  spatial  discrimination, 
and  voltage  controlled  gating,  among  others,  which  are  coupled  with  data 
acquisition  systems  to  display  the  information  in  real-time.  The  more  modern 
systems  enable  determination,  not  only  of  the  existence  of  damage,  but  of  the 
type  and  extent  of  damage.  From  the  information  obtained,  conclusions  can  be 
drawn  as  to  location  of  specimen  failure  and  the  probable  mechanism  of  failure. 

In  this  current  study,  application  of  acoustic  emission  is  an  important 
tool  in  detecting  damage  progression.  The  tests  are  carried  out  using  notched 


specimens  for  which  damage  progresses  outwards  from  the  notched  area,  i.e. 


from  the  crack  tip.  The  damaged  area  should  be  the  primary  source  of  acoustic 
emission  signals.  The  rest  of  the  material  should  be  relatively  "silent".  Thus, 
the  results  will  demonstrate  whether  the  source  locations  technique  can  be  used 
to  locate  damage,  track  damage  progression  and  identify  potential  fracture  sites 
in  B/Al  structures. 

These  tests  were  carried  out  for  various  crack  length-to-width  ratios  from 
0.05  to  0.5,  as  well  as  for  unnotched  specimens  for  [ 0 ] g  and  [ 90 ] g  laminates. 

It  is  expected  that  the  results  of  the  study  will  reveal  the  relationship 
between  the  manifested  acoustic  emission  characteristics  and  factors  such  as 
damage  size  and  material  degradation.  In  other  words,  the  acoustic  emission 
characteristics  should  define  the  damage  size  and  material  degradation. 

B.  Instrumentation  Capabilities  -  As  mentioned  above,  the  new  modern  and 
sophisticated  acoustic  emission  instrumentation  enables  us  to  define  the  various 
failure  mechanisms  within  the  composite  system  and  to  track  the  location  of 
activity.  This  failure  characterization  and  the  tracking  procedures  are 
achieved  by  analyzing  certain  characteristics  of  each  acoustic  emission  event, 
such  as  peak  amplitude  distributions,  rise  time,  counts,  pulse  duration,  arrival 
time,  etc.  The  selected  instrumentation  provides  spatial  discrimination,  spatial 
filtering,  and  voltage  controlled  gating  to  eliminate  unwanted  background 
signals.  The  acoustic  emission  information  is  obtained  by  means  of  amplitude 
analysis  and  plotting  of  location. 

Location  plotting:  Linear  location  of  defects  is  obtained  using  two 
transducers,  one  at  each  end  of  the  specimen.  The  source  of  the  event  is 
located  by  measuring  the  difference  in  the  time  of  arrival  of  the  signal  at 
the  sensors.  This  location  data  is  stored  in  memory  and  simultaneously 
displayed  as  a  histogram  on  a  monitor  oscilloscope  and  reproduced  on  an  X-Y 
recorder.  Thus,  a  history  of  activities  and  location  can  be  obtained. 
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Amplitude  Analysis:  This  analysis  provides  amplitude  distribution 
histograms  of  the  various  events.  From  such  histograms  the  various  failure 
mechanisms  can  be  identified.  Damage  mechanisms  which  yield  low  amplitude 
emissions  are  characteristic  of  matrix  crazing.  The  medium  peak  amplitudes 
are  characteristic  of  delamination,  while  the  higher  peak  amplitudes  represent 
fiber  fracture.  The  spectrum  of  amplitude  values  ranges  between  30dB  to  lOOdB. 

The  spectrum  of  amplitude  distribution  is  displayed  on  the  monitor  oscilloscope 
and  reproduced  with  an  X-Y  recorder. 

Spatial  Discrimination:  This  technique  separates  unwanted  background  noise 
from  valid  data  and  is  based  on  blocking  signals  from  the  ends  of  the  specimen. 
Machine  noise,  grip  noise  and  tab  debonding  are  all  screened  from  valid  data. 

A  four  transducer  set-up  is  used.  Two  inside  data  transducers  are  needed  for 
the  linear  location  plotting.  Two  guard  transducers  which  are  placed  outside 
each  data  transducer  function  to  discriminate  machine  and  other  unwanted  noise 
from  valid  data.  The  spatial  discrimination  can  be  responsible  for  lowering 
the  threshold  amplitude  down  to  30  dB. 

Voltage  Controlled  Gating:  The  operation  of  the  linear  location  and 
amplitude  data  instruments  can  be  controlled  by  an  external  analog  signal 
such  as  the  outputs  of  a  load-cell,  strain  gage,  etc.  The  VCG  allows  the 
system  to  operate  only  during  a  preselected  portion  of  the  load  cycle, 
determined  by  a  high  and/or  low  limit  pre-setting  on  the  VCG.  This  procedure 
is  particularly  useful  during  cyclical  test  situations  such  as  fatigue  tests 
because  it  can  deactivate  the  data-taking  systems  when  the  load  drops  below 
a  predetermined  value,  and  thus  eliminate  the  recording  of  unwanted  information. 

Counts  and  Events:  An  independent  counting  function  is  possible,  displaying 
the  number  of  counts  from  0-999,999  in  real  time.  It  is  possible  either  to 
accumulate  total  counts  or  to  obtain  count  rate.  The  total  number  of  accumulative 
events  can  also  be  obtained  up  to  999,999  events  in  real-time.  Both  counts  and 
events  can  be  obtained  from  the  entire  specimen  length  or  from  a  pre-set  specific 
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area  of  interest,  the  so-called  "window"  in  the  specimen  which  serves  as  a 
spatial  filter .  The  Dunegan/Endevco  3000  acoustic  emission  system  used  in  this 
study  is  shown  in  the  block  diagram  of  Figure  5.  Schematics  of  some  of  the 
available  information  obtained  from  the  AE  measurements  are  shown  in  Figures 
6  and  7. 


C.  Instrumentation  -  The  list  of  modules  used  by  our  Composite  Laboratory  is 
shown  in  the  block  diagram  in  Figure  5.  In  this  section  some  of  the  most 
pertinent  operating  parameters  are  listed. 


1.  Threshold  level  used  in  Model  921  Amplitude  Detector  is  AO  dB. 

2.  A  fixed  gain  of  AO  dB  on  Model  1801-170B  preamplifier  was  used. 

Z.  Voltage  gain  on  Model  302A  Dual  Signal  Conditioner  is  AO  dB. 

Therefore,  the  total  system  gain  is  80  dB. 

A.  Envelope  on  Model  90A  Amplitude  Analyzer  was  set  at  1  m  sec. 

5.  Model  920A  Amplitude  Analyzer  was  set  at  "Locate"  mode  of  test,  to 
provide  a  location  distribution  histogram  of  events. 

6.  Amplitude  distribution  histograms  were  recorded  from  Model  922 
External  Memory. 

7.  Dead  Time  on  Model  922  External  Memory  was  set  at  1  m  sec. 

8.  Spatial  filtering  was  achieved  by  setting  the  "window"  on  Model 
920A  Amplitude  Analyzer  at  20  i  80.  In  a  few  cases  a  "window" 
range  of  30  *  70  was  used. 

9.  Accumulative  Events  within  the  "window"  were  obtained  from  Model  920A 
Amplitude  Analyzer. 

10.  Accumulative  counts  within  the  "window"  were  obtained  from  channel  A 
of  Model  303  Dual  Counter. 

11.  Count  Rate  within  the  "window"  was  obtained  from  channel  B  of  Model  303 
Dual  Counter. 

12.  Wherever  Guard  transducers  were  used,  a  voltage  gain  of  A0  dB  was  set 
on  the  second  available  Model  302A  Dual  Signal  Conditioner. 


13.  Wherever  spatial  discrimination  was  used,  the  Event  Envelope  Selector 
was  set  at  10  m  sec  on  Model  A20  Spatial  Discriminator. 


IV.  RESULTS  AND  ANALYSES 


A.  Mechanical  Properties  -  The  experimental  results  on  elastic  stiffness  and 
strength  for  [0]g  and  [ 90] Q  5.6  mil  B/A1-6061F  are  listed  in  Table  II.  A 
limited  amount  of  data  at  elevated  temperatures  has  been  recorded  so  far,  and  it 
is  reported  later. 

The  values  of  the  axial  and  transverse  stiffness  were  obtained  either  with 
an  extensometer  of  25.4  mm  (1.0  inch)  gage  length  or  with  strain  gages.  Both 
techniques  yielded  similar  results,  verifying  that  the  accuracy  of  the  extenso¬ 
meter  reading  is  satisfactory.  The  Poisson's  ratio  has  been  obtained  with  the 
strain  gages  described  in  Section  II.  The  in-plane  shear  modulus  data  will  be 

obtained  during  the  second  phase  of  this  study  when  the  [±451  laminates  are 

'  2s 

available . 

Regarding  the  average  axial  strength  data  (of  11  specimens)  a  surprisingly 
low  value  of  1337  MPa  (194  ksi)  has  been  recorded.  The  data  shown  in  the 
literature  gives  values  of  1520-1655  MPa  (220-240  ksi) ,  even  reaching  values 
as  high  as  2004  MPa  (290.7  ksi)  [34],  Moreover,  a  very  large  scatter  in  the 
data  has  been  observed;  values  range  between  1187  and  1473  MPa  (172.2  *  213.7  ksi) 
with  a  standard  deviation  of  87.6  MPa  (12.7  ksi).  Examination  of  the  fracture 
surface  morphology  (see  Section  IV-H)  did  not  reveal  the  reason  for  either  the 
low  strength  values  or  the  large  scatter.  We  are  still  in  the  midst  of  addressing 
this  issue.  The  axial  and  transverse  stiffness  and  the  transverse  strength 
recorded  in  our  study  (Table  II)  agree  with  data  appearing  in  the  literature. 
Typical  stress-strain  curves  obtained  with  the  strain  gages  are  shown  in  Figure  8. 

B.  Load-Crack  Opening  Displacement  Curves  -  As  mentioned  in  section  II,  two 
methods  were  used  to  obtain  load-displacement  curves  for  the  center-notched 
specimens.  The  far-field  load-displacement  curves  were  obtained  using  the 
25.4  mm  (1.0  inch)  compliance  gage,  while  the  load-COD  curves  were  obtained 
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TABLE  II.  MECHANICAL  PROPERTIES 

I.  Unidirectional  [0]Q 

O 

E  -  197.32  GPa  (28.62  x  103  ksi) 

U 

VLT  3  °-23° 

of  *  1337.5  MPa  (193.99  ksi) 

G, „  *  Unavailable 
LT 

II.  Transverse  [90]o 

o 

Et  *  133.27  GPa  (19.33  x  103  ksi) 
of  -  105.3  MPa  (15.28  ksi) 
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using  the  IDG  technique.  An  example  of  the  far-field  load-displacement  curves 
for  six  different  crack  lengths  for  unidirectional  B/Al  is  shown  in  Figure  9. 

The  load-COD  curves  for  similar  crack  lengths  are  shown  in  Figure  10.  A 
comparison  between  compliance  gage  load-displacement  curves  and  IDG  load-COD 
curves  reveals  the  latter  to  be  considerably  more  nonlinear  as  the  load  approaches 
its  ultimate  values.  Moreover,  from  the  initial  slope  of  both  curves.  Figures  9 
and  10,  it  is  clear  that  the  initial  slopes  of  the  load-COD  curves  (IDG)  are  more 
sensitive  to  the  size  of  the  damage.  A  detailed  examination  of  the  load-COD 
curves  also  shows  rapid  increases  in  COD  at  the  higher  load  levels.  For  the 
unidirectional  specimens  and  for  the  larger  crack  sizes,  the  actual  crack 
opening  is  slightly  larger  than  indicated  in  Figure  10.  However,  no  details 
are  shown  here  because  the  fringe  patterns  of  the  IDG  are  practically  lost  as 
the  load  approaches  approximately  982  of  its  ultimate  value  and,  for  all 
practical  purposes,  no  data  reduction  is  possible.  The  loss  of  the  fringe 
patterns  at  this  load  range  has  been  attributed  primarily  to  the  very  large 
crack  opening  displacement,  causing  the  indentations  to  move  out  of  the  focal 
point  of  the  laser  beam.  The  large  COD  for  unidirectional  B/Al  is  not 
surprising,  being  itself  attributed  to  the  considerable  longitudinal  plastic 
deformation  of  the  matrix  at  the  crack  tip  which  is  associated  with  crack  tip 
damage  growth  [34].  It  should  be  noted,  however,  that  at  this  load  range  the 
load-COD  curve  has  already  approached  a  plateau. 

Figure  11  shows  a  loading-unloading-COD  curve  obtained  with  the  IDG  for 
a  unidirectional  specimen  having  a  crack  length  of  7.56  mm  (0.298  inch). 

Again,  when  the  IDG  is  used,  the  c rack  tip  damage  is  manifested  in  a  highly 
nonlinear  load-COD  curve  and  in  large  permanent  COD  remaining  upon  unloading. 

This  permanent  COD  is  indicative  of  crack  tip  damage  which  appears  primarily 
in  the  form  of  matrix  plastic  deformation  and  fiber  failure  at  the  crack  tip. 
Further  discussions  on  crack  tip  damage  and  failure  modes  is  given  in  section  IV-H. 
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Similar  results  were  obtained  for  transverse  [90] _  specimens  for  the 

o 

far-field  load-displacement  curves.  Figure  12,  and  load-COD  curves.  Figure  13, 
for  three  crack  lengths.  It  is  interesting  to  note  that  both  curves  are 
initially  linear,  followed  by  very  large  deformation  as  the  load  approaches 
its  ultimate  values.  Also  note  that  these  curves  do  not  follow  the  expected 
behavior  of  having  larger  compliance  and  lower  ultimate  strength  with  increased 
crack  size.  In  other  words,  there  is  insignificant  notch  sensitivity  and  large 
scatter . 

As  indicated  in  Figures  12  and  13,  the  actual  deformation  prior  to  failure 
is,  in  fact,  much  higher  than  that  indicated  by  the  load-displacement  curves. 

It  should  be  noted  that,  as  the  load  approaches  its  ultimate  value,  a  sudden 
drop  in  load  occurs,  about  20%-50%  of  its  previous  maximum  value.  Figure  14. 
Recalling  that  tests  were  conducted  under  stroke  control,  a  sudden  increase 
in  crack  tip  damage,  causing  a  large  crack  opening,  may  cause  such  a  drop  in 
load.  As  loading  proceeds,  additional  slow  crack  opening  is  observed  until  an 
additional  drop  in  load  occurs.  This  process  may  repeat  itself  several  times 
as  shown  in  Figure  14.  Thus,  under  stroke  control  conditions,  a  step-wise 
crack  tip  damage  growth  is  observed. 

For  transverse  specimens  the  load-COD  curves  are  more  complicated.  As  the 
crack  tip  damage  extends,  a  sudden  drop  in  load  occurs,  identical  to  that 
described  above.  This  drop  in  load  may  in  turn  cause  a  potential  crack  closure. 
Because  the  IDG  employed  in  this  program  cannot  distinguish  between  crack 
opening  and  crack  closure,  the  plots  of  the  load-COD  curves  have  been  terminated 
just  prior  to  the  drop  in  load. 

C.  Compliance  Curves  -  From  both  test  procedures  (IDG  and  Compliance  gage), 
the  compliance  calibration  as  a  function  of  the  initial  crack  length  has  been 


calculated.  Since  two  different  displacements  were  measured  the  appropriate 
compliances  were  defined  accordingly:  the  local  compliance,  C,,  is  based  un 

C 

COD  obtained  from  the  IDG,  and  the  global  compliance,  C  ,  is  based  on  the 
far-field  displacement. 

In  order  to  obtain  accurate  data  on  the  local  compliance,  each  specimen 
was  loaded  to  a  predetermined  load  (about  10%  of  the  expected  failure  load) 
and  then  unloaded.  This  procedure  was  repeated  three  times.  An  examination 
of  the  load-COD  curve  reveals  that  the  unloading  curves  as  well  as  the  subsequent 
loading  curves  are  linear.  In  some  instances,  the  first  unloading  revealed  a 
very  small  amount  of  permanent  crack  opening,  approximately  l-2um,  which 
indicates  a  small  amount  of  crack-tip  damage.  However,  this  damage  is  sub- 
critical  and  practically  does  not  affect  the  compliance  measurements.  Figure  15 
represents  three  initial  leading  curves  together  with  the  local  compliance 
values,  C^.  It  can  be  seen  that  the  three  values  of  are  very  close  to  each 
other,  having  a  very  small  standard  deviation  (S.D.).  The  local  compliance 
values  given  in  Table  III  are  the  average  values  of  the  three  loading  curves. 

The  global  compliance  values  listed  in  Table  III  were  obtained  directly  from 
the  initial  slope  of  the  complete  load-displacement  curves  when  the  recording 
system  was  set  on  high  sensitivity  to  obtain  good  resolution. 

The  application  of  the  energy  release  rate  approach  can  predict  the  global 
compliance.  The  formulation  is  well  established  in  the  literature,  e.g.  [29], 
and  will  not  be  repeated  here.  The  expression  used  for  prediction  is : 

C  *  U-566(2a/W)2  +  0.268(2a/W)3  -  0.433(2a/V)4  +  1.865(2a/W)5 


s  elb 


+  0.247(2a/W)6  -  0.393(2a/W);  +  0 .9 1 1 (2a/W> 8 ]  +  Jhr 

DIN  E 


(3) 
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TABLE  III:  EXPERIMENTAL  VALUES  OF  LOCAL  (Cj)  AND  GLOBAL  (C  ) 
COMPLIANCES  FOR  5.6  mil  BORON /ALUMINUM-606 IF  g 


I.  Unidirectional 


Crack 

-  Length 

CL 

-3 

mm 

(Inch) 

10  u, 

1.29 

(0.051) 

0.94 

- 

- 

- 

- 

- 

- 

- 

- 

- 

2.67 

(0.105) 

1.12 

5.03 

(0.198) 

1.73 

- 

- 

7.50 

(0.295)* 

2.43 

7.57 

(0.298)* 

2.39 

7.57 

(0.298) 

2.72 

- 

- 

- 

7.72 

(0.304)* 

2.47 

10.11 

(0.398) 

3.60 

- 

- 

- 

10.24 

(0.403) 

3.56 

12.83 

(0.507) 

4.69 

Elevated  Temperature: 


Temperature 


°C 

(°F) 

93 

(200) 

204 

(400) 

316 

(600) 

*  Tested  at  room  and  elevated 


Crack  - 

Length 

Cg 

am 

( inch) 

1Q'3u/N 

1.29 

(0.051) 

3.07 

1.29 

(0.051) 

3.31 

2.57 

(0.101) 

2.96 

2.57 

(0.101) 

3.20 

5.03  (0.198)  3.47 


5.08 

(0.200) 

3.54 

7.57 

(0.298) 

3.85 

7.65 

(0.301) 

4.12 

10.21 

(0.402) 

4.08 

10.24 

(0.403) 

5.09 

12.88 

(0.507) 

4.81 

12.90 

(0.508) 

4.61 

Crack  Length 

C* 

K 

mm 

(inch) 

r'A 

1 

O 

7.57 

(0.298) 

2.31 

7.72 

(0.304) 

2.36 

7.50 

(0.295) 

2.97 

temperatures . 


II.  Transverse 


Crack 

-  Length 

ci 

Crack  - 

Length 

Cg 

mm 

(inch) 

10-3u/n 

mm 

( inch) 

10-3  y/fl 

2.57 

(0.101) 

3.88 

2.57 

(0.101) 

6.42 

- 

- 

- 

2.59 

(0.102) 

3.34 

7.62 

(0.300) 

3.36 

7.62 

(0.300) 

6.19 

- 

- 

- 

7.65 

(0.301) 

5.46 

7.65 

(0.301) 

3.46 

- 

- 

- 

12.96 

(0.510) 

5.80 

12.96 

(0.510) 

9.57 
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where  W  and  B  are  the  specimen  width  and  thickness,  respectively,  L  is  the 
gage  length  of  the  compliance  gage,  and  E^  is  the  longitudinal  stiffness  of 
the  laminate. 

The  orthotropic  correction  factor,  cl,  is  given  by 


r 

,  1/2  E, 

l  ; 

el 

i  -  v  +  — — 

a  “  /l  \ 

E 

LT  =CLT 

l  TJ 

i 

where  E  and  are  the  longitudinal  and  transverse  moduli,  respectively, 

VLT  maj°r  Poisson's  ratio,  and  G  ^  the  longitudinal  shear  modulus. 

Equation  (3)  used  the  width  correction  factor  Y  given  by  [48]: 

Y  =  1  +  0. 1282 (2a/W)  -  0.2381(2a/W)2  +  1 . 5254 (2a/W) 3  (5) 

Note  that  Equation  (5)  uses  the  isotropic  width  correction  factor.  It  has  been 
shown  previously,  e.g.  [29],  that  this  expression  of  Y  is  applicable  for 
composites.  Further  discussion  on  the  applicability  of  the  isotropic  width 
correction  factor  to  3/A1  composites  will  appear  later  in  this  section. 

A  comparison  between  the  experimental  results  for  the  global  compliance 
and  prediction  (Equation  (3))  is  shown  in  Figures  16  and  17  for  unidirectional 
and  transverse  B/Al,  respectively. 

As  shown  in  Figure  16,  the  agreement  is  not  as  good  as  that  previously 
obtained  for  unidirectional  B/.A1  [29].  No  explanation  for  the  discrepancy 
between  experiment  and  prediction  can  be  given  at  this  stage  and  it  appears 
that  additional  tests  should  be  performed.  It  should  be  noted,  however,  that 
the  longitudinal  shear  modulus  has  not  yet  been  measured  for  the  material  system 
tested  in  this  program.  Therefore,  the  value  of  the  orthotropic  correction 
factor  a  (Eq.  4)  has  been  estimated  to  be  1.2,  as  compared  with  a  value  of 
1.303  used  in  [29] . 
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The  experimental  results  of  the  global  compliance  for  the  transverse 
specimens  show  relatively  large  scatter.  Figure  17,  and  thus  the  comparison 
with  prediction  (Equation  (3))  is  inconclusive  (the  value  of  a  =  1.05). 

However,  the  experiments  follow  the  trend  of  the  predicted  global  compliance 
values  which,  as  expected,  are  much  higher  than  those  obtained  for  the  uni¬ 
directional  specimens.  Figure  16. 

The  actual  crack  opening  displacement  (COD)  can  be  predicted  from  elastic 
stress  analysis,  and  the  local  compliance  curve  can  be  calculated  and  compared 
with  the  experimental  COD  (and  compliance)  obtained  with  the  IDG.  Since  the 
COD  was  practically  measured  at  the  crack  surfaces  (gage  length  of  0.02  inch) 
and  at  the  center  of  the  crack,  the  predicted  displacement  v  in  the  loacing 
direction  of  the  top  crack  surface  is  given  by  [49-51]: 

v=^Y  ( 6 1 

EL 

Since  the  COD  is  the  relative  displacement  at  the  center  of  the  crack,  which 
is  equal  to  2v ,  the  local  compliance  becomes: 

=  COD  =  _2a_  2a 

C2  ~  BW  ElB  V  *  1 

The  predicted  local  compliance  curve  (Equation  (7)),  based  on  the  isotr.pi 
Y,  was  compared  with  the  experimental  results  given  in  Table  'll.  For  the  uni¬ 


directional  B/Al  an  excellent  agreement  was  established,  a? 


,  no  vn  ir.  ri.:uro  .  s 


Note  that  the  present  results  agree  very  well  with  those  previ. uslv  obtain* 


for  a  similar  materia]  system.  The  slight  discrepant,  retwt 


: to  t : on  an 


experiments  is  attributable  primarily  to  the  fact  that  the  -op, 


't  measureo. 


exactly  at  the  crack  surf aces ,  i.e.  the  gage  length  of  0.12  inch  is  , lightly 
larger  than  the  average  crack  width  of  0.015  inch.  The  smaller  the  era, • 
length,  the  larger  the  effect  of  the  gage  length  will  be.  The  comparison  between 


prediction  and  experiments  for  the  [90jg  specimens.  Figure  19,  is  noc  conclusive  .is  ve: 
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because  of  the  large  scatter  in  the  experimental  results.  Additional  testing 
will  be  required  here  to  demonstrate  the  applicability  of  both  test  procedure 
and  analysis  to  this  material. 

It  is  of  interest  to  note  that  the  local  compliance  curve  (Figures  18  and 
19)  is  much  more  sensitive  to  changes  in  crack  length,  i.e.  damage  size,  than 
the  global  compliance  curve,  Figures  16  and  17.  Therefore,  the  local  compliance 
curve  can  also  serve  as  a  more  accurate  tool  for  calculating  the  crack  growth 
resistance  curve: 


Y  o 


(3) 


where  a^  is  the  effective  crack  half-length  obtained  from  the  local  compliance 
calibration  curve. 

The  experimental  local  compliance  can  also  serve  for  calculating  the  width 
correction  factor  Y  by  rewriting  Equation  (7)  as  follows: 


Y 


E.B 

u 

2a 


2a/W 


(9) 


The  term  (2a/W)  is  the  secant  slope  to  each  experimental  value  of  the 
compliance  in  Figure  18.  Thus  Y  is  proportional  to  this  slope.  A  comparison 
between  the  experimental  results  for  Y(together  with  results  obtained  previously 
[29])  and  Equation  (9)  is  shown  in  Figure  20,  evincing  quite  a  good  correlation 
for  the  larger  crack  lengths.  For  the  smaller  crack  lengths  the  scatter  is 
quite  high,  but  it  must  be  remembered  that  any  experimental  scatter  in  compliance 
measurements  causes  a  larger  error  in  the  slope,  Z  / (2a/W) ,  for  small  crack 
lengths.  Also,  the  analtyical  equations  formulated  for  sharp  cracks  will  no 
longer  apply  to  real  cracks  of  a  smaller  length,  since  the  crack  width-to-length 
ratio  becomes  larger.  In  addition,  any  crack-tip  damage  will  have  a  more  signifi¬ 


cant  effect  on  the  elastic  compliance  so  that  the  initial  slope  of  the  subsequent 
loading-unloading  curve  may  not  accurately  represent  the  compliance.  However, 


analy cically ,  the  deviation  of  Y  from  the  isotropic  values  is  negligible  as 
the  crack  length  gets  smaller  [52],  and  no  K-calibration  is  needed  for  small 
cracks.  Y  is  smaller  than  1.001  for  cracks  having  2a/W  less  than  0.1,  thus 
poor  correlation  for  small  cracks  is  of  little  significance. 

D.  Elevated  Temperature  Load-COD  Curves  -  Elevated  temperature  load-COD  curves 
and  local  compliances  were  obtained  for  unidirectional  B/Al  specimens  as  well. 

A  comparison  between  room  temperature  (21°C)  and  elevated  temperature  (93°C, 

204°C  and  316°C)  load-COD  curves  for  a  crack  length  of  approximately  7.60  mm 
(0.30  inch)  is  shown  in  Figure  21.  The  results  indicate  that  at  least  up  to 
93°C  (200°F),  temperature  has  practically  no  effect  on  the  deformation  character¬ 
istics  and  crack  tip  damage  growth.  Load-COD  curves  at  both  temperatures  are 
very  similar.  A  further  increase  of  temperature,  up  to  204°C  (400°F) ,  already 
reveals  a  larger  nonlinearity  in  the  load-COD  curve,  resulting  also  in  a  larger 
COD  at  failure.  When  the  operating  temperature  is  again  increased  up  to  316°C 
(600°F),  a  significant  effect  is  observed.  Figure  21.  Both  the  nonlinearity  in 
load-COD  curve  and  the  large  COD  at  failure  are  primarily  attributable  to  the 
greater  ductility  of  the  aluminum  matrix  at  elevated  temperatures.  Note  that 
the  typical  failure  mode  at  the  crack  tip  is  matrix  shear  plastic  deformation 
along  the  fibers  and  in  the  loading  direction.  In  other  words,  differences 
between  the  curves  indicates  much  larger  crack  tip  damage  growth  at  elevated 
temperatures  which  results  from  the  elevated  temperature  properties  of  the 
matrix  material. 

The  effect  of  elevated  temperatures  on  the  deformation  characteristics  of 
notched  unidirectional  B/Al  composites  is  already  significant,  even  at  low  load 
levels.  Figure  22.  A  comparison  between  local  compliances  recorded  at  room  and 
elevated  temperatures  shows  the  elevated  temperature  (316°C)  compliances  to  be 
increased  by  about  25%  over  the  room  temperature  compliance.  A  minimal  effect 
on  local  compliance  is  observed  at  temperatures  up  to  204°C  (4009F) ,  however. 


above  this  temperature  the  effect  is  significant,  Figure  22.  These  results 
indicate  the  influence  of  matrix  yield  shear  strength  on  the  load-COD  curves 
even  at  low  load  levels  [34].  A  more  detailed  study  covering  the  temperature 
range  200°C  -  350°C  (400°F  -  660°F)  is  warranted. 

To  eliminate  variations  in  local  compliance  due  to  differences  in  properties 
and/or  crack  size,  the  same  specimen  was  used  to  obtain  the  local  compliance  at 
both  room  temperature  (21°C)  and  elevated  temperature  (316°C),  Figure  23.  Again, 
there  is  an  increase  of  about  22%  in  local  compliance,  Table  III. 


E.  Fracture  Strength  -  Fracture  strength  results  are  listed  in  Table  IV  for 

various  crack  lengths.  These  data  are  compared  with  an  existing  model  suggested 

by  Waddoups,  Eisenman  and  Kaminski  (WEK)  [53],  who  assumed  the  existence  of 

intense  energy  regions  at  the  edges  of  the  notch  which  are  modeled  as  edge 

cracks  of  size  c  .  With  this  in  mind,  the  linear  elastic  fracture  mechanics 
o 

is  applied,  and  the  fracture  strength  can  be  predicted  according  to: 


Y 


a 

o 


c 

o 


a  +  Col 


1/2 


(10) 


where  and  Cq  are  the  notched  and  unnotched  strength,  respectively.  It  should 
be  noted  that  cq  can  only  be  obtained  experimentally  by  performing  at  least  one 
fracture  test,  and  must  be  determined  for  each  composite  system  independently. 

A  similar  model  has  been  mathematically  formulated  by  Whitney  and  Nuismer  [15,54], 
called  the  "average  stress  criterion",  and  which  assumes  that  failure  occurs 
when  the  average  stress  over  a  certain  distance  ahead  of  the  crack-tip  equals 
the  unnotched  strength.  Both  of  these  models  have  been  widely  used  in  recent 
years  for  predicting  laminates'  notch  sensitivity,  e.g.  [55-57],  However,  this 
is  a  semi-empirical  approach  because  c^  must  be  determined  experimentally. 

Since  cq  is  assumed  to  be  a  material  property,  i.e.  a  quantity  independent 
of  crack  size,  rearranging  Equation  (10)  will  give  cq  as  the  slope  of  the 
following  equation: 
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TABLE  IV.  NOTCHED  STRENCTH  DATA  FOR  5.6  mil  B0R0N/ALUMINUM-6061F 


I.  Unidirectional 


Crack 

-Length 

Notched  Strength 

mm 

(inch) 

HP  a 

(ksi) 

1.29 

0.051 

977 

141.75 

1.29 

0.051 

1216 

176.36 

1.32 

0.052 

1217 

176.58 

2.57 

0.101 

1013 

146.99 

2.57 

0.101 

869 

126.08 

2.59 

0.102 

1123 

162.83 

2.67 

0.105 

1114 

161.59 

5.03 

0. 198 

877 

127.26 

5.06 

0.199 

894 

129.66 

5.08 

0.200 

977 

142.10 

7.57 

0.298 

713 

103.46 

7.57 

0.298* 

808 

117.22 

7.62 

0.300 

788 

114.29 

7.65 

0.301 

725 

105.20 

7.72 

0.304** 

811 

117.62 

10.19 

0.401 

672 

97.44 

10.19 

0.401 

579 

84.05 

10.21 

0.402 

652 

94.56 

10.24 

0.403 

651 

94.37 

10.24 

0.403 

625 

90.65 

10.67 

0.420 

615 

89.27 

12.88 

0.507 

549 

79.57 

12.88 

0.508 

547 

79.36 

12.90 

0.508 

502 

72.84 

*  Tested 

at  93°C 

(200°F) 

**  Tested 

at  204° 

o 

✓ - V 

o 

o 

o 

Transverse 

Crack 

Length 

Notched 

Strength 

mm 

(inch) 

MPa 

(ksi) 

2.59 

0.102 

90 

13.07 

2.59 

0.102 

86 

12.50 

7.62 

0.  300 

76 

11.09 

7.65 

0.301 

92 

13.33 

7.65 

0.301 

115 

16.75 

12.95 

0.510 

48 

6.97 

31 


Figure  24  shows  the  experimental  results  plotted  according  to  the  format 
of  Equation  (11).  The  solid  lines  represent  a  least  squares  fit  of  cq  which 
was  found  to  be  1.86  mm  (0.073  inch).  As  seen  in  Figure  24,  the  use  of  a 
constant  value  for  cq  for  different  crack  lengths  appears  to  be  justified. 

Figure  24  also  shows  the  results  obtained  previously  [34]  for  a  similar  material 
system.  Comparing  the  results  of  the  present  work  with  those  obtained  in  [34], 
it  is  seen  that  the  latter  has  a  much  smaller  cq,  indicating  a  higher  notch 
sensitivity.  Whereas  the  higher  value  of  in  [34]  arises  from  the  fact  that 
the  material  studied  here  has  only  68%  of  the  unnotched  strength  of  the  material 
tested  in  [34].  It  should  be  emphasized  that  the  primary  differences  between 
the  material  systems  studied  in  [34]  and  in  the  present  work  are  the  fabrication 
procedures  and  parameters  employed.  Their  effect  on  notch  sensitivity  has  also 
been  discussed  in  [34].  Although  we  expected  similar  results  for  both  material 
systems,  the  differences  in  slope,  as  shown  in  Figure  24,  are  striking. 

Using  the  value  of  cq  from  Figure  24,  the  fracture  strength  can  be  predicted 
from  Equation  (10),  Figure  25,  and  a  good  correlation  has  been  established. 

Quite  a  significant  notch  sensitivity  is  observed  for  the  material  system 
tested  in  this  program,  however  the  B/Al  results  of  [34]  show  even  higher  notch 
sensitivity,  by  about  25%  for  the  medium  crack  sizes. 

Values  of  the  critical  stress  intensity  factor,  K  ,  obtained  from  the 
equation: 

K  *  Yoc  A(a  +  c  )  =  a  Ac  (12) 

are  also  given  in  Figure  25,  and  listed  in  Table  V. 


32 


Another  approach  to  analyzing  the  fracture  strength  data,  suggested  by 


Mar  and  Lin  (ML-model)  [12,58,59],  is  to  assume: 

af  =  M(2a)"m  C13) 

where  M  and  m  are  determined  so  as  to  best  fit  the  data.  This  model  interprets 

m  to  be  "the  order  of  singularity  of  a  crack  lying  in  the  matrix  with  its  tip 

at  the  interface  of  matrix  and  filament." 

The  data  obtained  in  this  program  are  plotted  on  a  log  (Y  af/oQ)  versus  log 

(2a/W)  format.  Figure  26.  A  least  squares  fit  yields  the  values  of  the  slope  m, 

of  the  coefficient  M,  and  of  the  coefficient  of  correlation  (c.c.),  as  shown  in 

Figure  26  and  as  listed  in  Table  V.  It  can  be  seen  from  Figure  26  that  Equation 

(13)  represents  the  data  quite  closely.  Similar  agreement  has  been  established 

for  several  other  composite  systems,  Table  V  [26-28,34-37].  In  order  to  compare 

these  two  approaches.  Equations  (10)  and  (13),  the  WEK  model  has  also  been  plotted 

on  a  logarithmic  format  in  Figure  27.  A  comparison  between  Figures  26  and  27 

reveals  that  the  first  model.  Equation  (10),  does  more  accurately  represent  the 

notch  sensitivity  of  B/Al.  A  few  tests  were  also  conducted  on  the  notched 

strength  of  [90] 0  B/Al  for  three  crack  sizes,  Table  IV.  Although  some  degree  ot 
o 

notch  sensitivity  is  observed,  there  is  too  much  scatter  in  the  data  to  obtain 
any  meaningful  comparison  with  analytical  prediction.  Additional  testing  will  be 
performed  in  the  second  p  gram  phase. 

F.  Notch  Sensitivity  -  In  studying  the  notch  sensitivity  of  the  different 
material  systems  it  is  customary  to  use  the  critical  stress  intensity  factor, 

Kc>  as  a  parameter  indicative  of  notch  sensitivity.  Values  of  the  critical 
stress  intensity  factor.  Equation  (12),  are  listed  in  Table  V  for  thirteen 
different  material  systems  (including  the  present  results  on  B/Al),  along  with 
the  values  of  the  unnotched  strength,  aQ,  and  the  crack-tip  damage  size,  cq. 

The  actual  changes  in  representing  the  actual  notch  sensitivity,  are 

also  displayed  in  Table  V  for  the  values  2a/W  ■  0.3  and  0.5. 


TABLE  V:  NOTCH  SENSITIVITY* 


A 


r 

Comparison  of  the  Kc  values  with  the  values  of  Y(a  ^/a^) ,  Table  V,  shows  that 
the  used  in  the  two-parameter  model.  Equation  (10),  is  not  actually  the  proper 
indicator  for  notch  sensitivity  since  it  depends  also  on  the  unnotched  strength. 

In  other  words,  for  high  unnotched  strength,  Kc  may  be  as  high  as  100  MPa 
while  values  of  Y(o^/aQ)  indicate  high  notch  sensitivity.  Conversely,  the  trend 
in  the  values  of  cq  does  follow  the  notch  sensitivity  characteristics  as  indicated 
experimentally  by  curve  fitting  Equation  (10)  with  the  experimental  results.  As 
long  as  this  model,  Equation  (10),  is  accepted  for  predicting  notched  strength  of 
composites,  values  of  cq  can  serve  as  a  proper  indicator  of  notch  sensitivity. 

Although  Equation  (13)  is  applied  through  a  curve  fitting  procedure  to 
determine  the  constants  M  and  m,  it  is  of  interest  to  note  that  these  constants 
can  also  serve  as  an  indication  of  the  notch  sensitivity  as  determined  in  terms 
of  changes  in  Y (°f/°0)*  Smaller  values  of  m  and  higher  values  of  M  indicate 
a  lesser  degree  of  notch  sensitivity.  As  seen  in  Table  V,  both  m  and  M  values 
consistently  follow  the  notch  sensitivity  of  the  various  composite  systems. 

G.  Acoustic  Emission  (AE)  -  For  all  specimens  tested  in  this  program,  acoustic 
emission  was  monitored  using  Dunegan/Endevco  3000  series  AE  instrumentation  and 
results  were  recorded  as  explained  in  Section  II-G  and  Section  III.  Some  repre¬ 
sentative  results  are  presented  here  including  results  for  notched  and  unnotched 
unidirectional  and  transverse  specimens. 

Figures  28  and  29  show  (on  linear  scales)  location  and  amplitude  distribution 
histograms  of  events,  respectively,  obtained  at  different  loading  levels  for  a 
unidirectional  notched  specimen  (crack  length  =  12.90  mm).  In  order  to  avoid  any 
accumulation  of  events  during  the  data  recording  process,  these  distributions 
(and  all  those  in  the  AE  tests)  were  obtained  while  loading  was  in  progress. 

It  is  of  interest  that  the  major  activity  occurred  at  the  middle  of  the  specimen 
(at  about  location  "50")  where  the  center  notch  was  located.  Initially,  however, 
emission  occurred  evenly  throughout  the  specimen  length  and  only  at  higher  load 
levels  is  it  concentrated  at  the  crack  location. 
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The  amplitude  distribution  histograms,  Figure  29,  indicate  that  events 
occur  primarily  in  three  amplitude  ranges:  AOdB  -  55dB,  75dB  -  85dB,  and 
92dB  -  95dB.  Assuming  that  the  ..hape  of  the  amplitude  distribution  histogram 
can  be  correlated  with  specific  failure  mechanisms,  it  seems  that  the  occurrance 
of  events  in  the  high  amplitude  levels  (90dB  -  95dB)  indicates  fiber  failure. 

It  is  interesting  to  note  that  such  fiber  failure  is  already  observed  at 
relatively  low  load  levels  (9.65  KN,  2170  lbs),  or  at  approximately  50%  of  the 
ultimate  load.  This  can  be  seen  even  more  clearly  in  Figure  30,  which  shows 
the  Cumulative  Event  Amplitude  Distribution  (CEAD)  on  a  logarithmic  scale  for 
the  same  specimen.  From  the  CEAD  it  seems  that  fiber  failure  occurred  at  load 
levels  as  low  as  35%  of  the  ultimata  load. 

Location  or  amplitude  distribution  histograms  displayed  on  a  logarithmic 
scale  are  advantageous  whenever  a  low  number  of  events  is  occurring  at  specific 
amplitude  levels,  but  they  may  conceal  information  whenever  a  large  number  of 
events  occurs.  For  this  reason  we  used  both  linear  and  logarithmic  scales  for 
these  distributions.  Figures  31  and  32  show  location  and  amplitude  distribution 
histograms,  respectively,  on  both  scales  for  the  same  specimen,  and  thev  are 
obtained  from  data  accumulated  throughout  the  loading  range  up  to  failure. 

Figure  31  indicates  that  AE  activity  occurs  practically  throughout  the  specimen 
length,  while  the  data  on  the  logarithmic  scale  of  Figure  32  shows  more  clearly 
the  occurrance  of  a  larger  number  of  events  at  the  three  separate  amplitude 
levels.  The  appearance  of  events  at  the  two  lower  amplitude  ranges  can  be 
attributed  to  several  failure  mechanisms  such  as  matrix  plastic  deformation, 
fiber  pull-out,  or  even  internal  friction  between  newly  created  surfaces.  At 
this  stage  we  cannot  as  yet  identify  which  of  the  actual  failure  mechanisms 
is  dominant.  Additional  studies  would  be  required  to  correlate  the  specific 
failure  mechanisms  with  the  amplitude  distribution  characteristics. 
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The  "b  slope"  o£  the  Cumulative  Event  Amplitude  Distribution  (CEAD)  can 
be  indicative  of  failure  progression.  This  CEAD  can  be  represented  as  [60] : 


F(V)  =  F(Vo) 


(14) 


where  Vq  is  the  threshold  value,  V  is  the  peak  amplitude  and  "F(V)  is  defined 

as  the  number  of  events  whose  amplitude  exceed  V"  [60]  and  is  the  CEAD.  The 

constant  b  should  be  determined  for  each  material  system  and  deformation 

mechanism.  More  details  can  be  found  in  [60].  Such  a  CEAD  plot  is  shown  in 

Figure  30  for  six  different  load  levels.  No  attempt  has  been  made  at  this 

stage  to  correlate  the  "b  slope"  with  failure,  and  more  testing  is  required 

before  any  conclusions  can  be  made.  However,  it  is  interesting  to  note  that 

as  the  load  increases,  the  value  of  V  (the  peak  amplitude  of  the  largest 

max 

emission)  increases  from  about  87dB  up  to  97dB  just  prior  to  failure.  In 
other  words,  high  amplitude  levels  occur  at  relatively  low  load  levels. 

The  fact  that  the  AE  data  indicate  fiber  failure  at  low  load  levels  has 
been  addressed  in  more  detail  for  the  purpose  of  validating  such  AE  data.  The 
test  results  described  above  have  been  repeated  for  a  similar  unidirectional 
specimen  with  a  crack  length  of  7.64  mm.  The  specimen  was  loaded  up  to  10.68  KN , 
approximately  40%  of  the  expected  ultimate  load,  and  then  unloaded.  The  AE  data 
shown  in  Figures  33  and  34  are  the  accumulated  data  during  the  loading  stage  only. 
Again  we  see  that  events  occur  throughout  the  specimen  length,  Figure  33.  The 
amplitude  distribution  histogram  shown  in  Figure  34  is  for  those  events  occurring 
at  locations  "45"  to  "55",  i.e.  only  those  data  occurring  within  a  13  mm  long 
section  at  the  center  of  which  the  crack  is  located.  It  can  be  seen  clearly 
from  Figure  34  that  a  relatively  large  amount  of  events  occurred  at  amplitude 
levels  of  35dB  -  95dB  (26  out  of  60  events  analyzed),  indicating  again  the 
occurrance  of  fiber  failure. 


In  order  to  compare  these  indications  of  fiber  failure  from  the  AE 
data  with  the  actual  crack  tip  damage,  the  specimen  was  removed  from  the 
testing  machine,  the  outer  foil  of  the  aluminum  matrix  was  dissolved,  and 
the  first  layer  of  fibers  was  exposed  and  examined  in  the  SEM.  Broken 
fibers  were  seen  in  all  four  crack  tips  (on  both  sides  of  the  etched  specimen), 
as  shown  in  Figure  35.  The  general  shape  of  the  failed  fibers  (note  the  broken 
fiber  in  the  third  layer  of  Figure  35a)  is  identical  to  that  of  fibers  failed 
under  load  [35]:  all  broken  fibers  have  multiple  cracks;  fibers  are  fragmented 
into  wedge-shaped  particles.  Figure  35b;  and  the  apexes  of  the  wedge-shaped 
fragments  point  toward  the  original  crack.  It  is  possible  that  those  broken 
fibers  were  slightly  damaged  during  the  machining  (EDM)  of  the  slit,  causing 
premature  fiber  breakage,  however  a  careful  examination  of  those  fibers  at 
magnifications  up  to  3000X  was  not  conclusive.  Although  the  causes  of  premature 
fiber  failure  are  not  being  addressed  in  this  report,  the  SEM  results  do  seem 
to  indicate  that  fiber  failure  can  be  monitored  through  acoustic  emission. 
Additional  detailed  studies  are  certainly  warranted,  and  the  second  phase  of 
this  program  will  include  AE  studies  of  single  filaments,  neat  matrices,  single 
filaments  embedded  in  aluminum  matrices,  and  others. 

As  mentioned  in  Section  II,  two  methods  for  clamping  were  employed  in  this 
program:  a  sandwiching  of  the  specimen  ends  between  pieces  of  400  grit  sanding 

paper,  and  the  use  of  aluminum  doublers  as  end  tabs.  Although  the  first  method 
is  simpler  to  utilize  and  has  been  satisfactory  regarding  grip  slippage,  the 
results  of  the  AE  studies  indicate  that  this  method  distorts  the  AE  data  and  may 
lead  to  erroneous  conclusions.  An  example  of  location  distribution  histograms 
for  a  unidirectional  B/Al  specimen  (crack  length  =  10.69  mm)  clamped  with  the 
sanding  paper  is  shown  in  Figure  36.  The  overall  shape  of  this  location 
distribution  histogram  is  totally  different  from  that  obtained  for  a  specimen 
having  aluminum  doublers  as  end  tabs,  Figure  23.  First,  no  AE  activity  at  the 


crack  location  can  be  detected;  second,  large  activity  seems  to  occur  around 
locations  "30"  and  "70".  The  primary  reason  for  this  is  that  the  sanding 
paper  clamp  causes  acoustic  emissions  from  both  ends  of  the  specimen  at  very 
high  rates  (almost  continuously)  which  interact  and  reflect  somewhere  along 
the  specimen.  This  interaction  is  picked  up  by  both  transducers  and  events 
are  analyzed  and  located  by  the  AE  system,  yielding  the  appearance  of  damage 
which  does  not  actually  exist.  The  localizing  of  these  events  at  locations 
"30"  and  "70"  is  insignificant,  being  the  result  of  the  particular  specimen 
geometry  and  the  distance  between  the  transducers  used  in  this  study.  It 
should  also  be  noted  that  the  AE  instrumentation  has  been  set  at  a  "Dead-time" 
of  3  msec  and  an  "Envelope"  of  10  msec.  Thus,  a  considerable  amount  of  real 
data  may  have  been  masked  by  the  continuous  emission  from  the  specimen  ends, 
accounting  for  the  relatively  small  amount  of  emissions  (compared  with  the 
data  shown  in  Figure  23)  recorded  at  the  center  of  the  specimen. 

It  is  also  of  interest  to  compare  the  total  number  of  events  and  counts 
recorded  under  both  clamping  methods,  Figures  28  and  36.  (Note  that  Figures  36  are 
presented  in  two  different  scales.)  While  using  aluminum  doublers  as  end 
tabs,  only  1360  events  were  recorded,  compared  to  4896  events  recorded  for  the 
specimen  clamped  with  sanding  paper.  The  number  of  counts  is  also  much  higher. 
Although  the  actual  number  of  events  and  counts  is  not  of  importance  since  not 
all  events  and  counts  can  be  recorded  by  the  AE  instrumentation,  the  qualitative 
comparison  is  striking. 

The  amplitude  distribution  histogram  for  the  specimen  clamped  with  the 
sanding  paper  is  shown  in  Figure  37  and  is  again  strikingly  different  than  that 
obtained  for  the  specimen  using  aluminum  doublers  as  end  tabs,  Figure  29.  A 
larger  difference  is  also  observed  in  the  Cumulative  Event  Amplitude  Distribution 
(CEAD) ,  Figures  38  and  30,  which  is  much  less  steep  at  the  higher  amplitude 


levels  under  the  sanding  paper  method.  All  of  these  AE  results  demonstrate 


che  importance  of  applying  the  proper  clamping  method  to  obtain  AE  information 
as  reliably  as  possible. 

The  AE  results  obtained  for  unnotched  unidirectional  B/Al  are  shown  in 
Figures  39  to  41.  Generally,  the  distributions  are  the  same  as  those  obtained 
for  unidirectional  notched  specimens,  Figures  28  to  32;  the  amplitude  distri¬ 
butions  in  particular  indicate  the  appearance  of  similar  failure  mechanisms. 
However,  it  should  be  emphasized  again  that  no  definite  conclusions  can  be 
drawn  regarding  a  direct  correlation  between  AE  information  and  actual  failure 
mechanisms  until  specific  studies  are  conducted  on  "basic"  systems  such  as 
single  fibers,  neat  matrices,  etc.  for  obtaining  base-line  calibration  information 

The  concentration  of  events  at  locations  "30"  and  "70",  Figure  39,  is  also 
observed  for  the  unnotched  specimens.  Attempts  to  eliminate  this  by  changing 
the  clamping  method  were  only  partially  successful,  as  seen  from  a  comparison 
between  Figure  39  and  Figure  36. 

In  addition  to  the  location  and  amplitude  distributions  described  above, 
additional  AE  information  was  obtained  in  the  form  of  accumulative  events  and 
counts  and  count  rate,  all  as  a  function  of  load,  and  these  have  been  correlated 
with  far-field  load-displacement  curves  (obtained  from  Figure  9),  as  shown  in 
Figures  42  to  44  for  a  notched  unidirectional  B/'Al  specimen.  The  location  and 
amplitude  distribution  histograms  for  this  crack  size,  Figures  45  and  4b,  are 
very  similar  to  those  obtained  for  other  crack  sizes,  e.g.  Figures  31  and  32. 

In  other  words,  the  AE  data  are  quite  reproducible.  Comparing  the  load- 
displacement  curves  with  the  AE  data,  Figures  42  and  43,  it  seems  that  there 
generally  exists  a  qualitative  correlation  between  the  deformation  characteristics 
and  AE,  i.e.  jumps  in  displacement  can  be  associated  with  increased  AE  activity. 

As  the  number  of  events  (and  counts)  Increases  more  rapidly  with  load,  a  higher 
nonlinearity  in  the  load-displacement  curve  is  observed. 


F 


In  regards  to  the  monitoring  of  counts  and  events,  a  large  amount  of 

counts  is  generally  being  recorded  for  notched  B/Al  composites,  in  the  order 

5  ■’ 

of  10  ,  as  compared  with  the  total  number  of  events,  in  the  order  of  10  , 

Figure  44.  The  number  of  counts  per  event  may  vary  depending  upon  the  load 

level  and  the  amount  of  damage.  Initially,  abojt  100  counts  accompany  each 

event,  but  with  increasing  load  the  count  per  event  can  be  200  or  higher,  and 

may  become  as  high  as  300  counts  per  event  just  prior  to  failure.  This 

phenomenon  might  be  attributed  to  one  of  the  following  two  reasons  or  a 

combination  of  both:  1)  As  damage  progresses  and  the  number  of  events 

increases,  it  may  happen  that  two  or  more  events  interfere,  depending  also 

upon  the  duration  of  "Dead-Time"  set  in  the  instrumentation.  When  several 

events  interfere,  the  system  will  register  all  of  them  as  one  event  which 

includes  some  combination  of  the  counts  of  the  individual  events;  2)  As 

damage  increases,  higher  amplitude  events  occur,  possibly  due  to  fiber  failure, 

and  thus  a  larger  number  of  counts  above  the  threshold  level  set  in  the  system 

may  be  recorded . 

Therefore  the  variation  in  counts  per  event  with  load  might  be  attributed 
either  to  instrumentation  setting  or  to  variation  in  failure  mechanism  or  to 
a  combination  thereof.  In  any  case,  the  absolute  number  of  events  or  counts 
recorded  does  not  necessarily  represent  the  actual  degree  of  damage.  The 
recorded  data  ate  a  random  representation  of  the  total  amount  of  emission. 

Similar  AE  studies  were  carried  out  for  notched  [ 90 ] g  specimens  as  well, 
with  results  shown  in  Figures  47  to  51  (crack  size  =  7.63  mm).  Again,  events 
are  detected  throughout  the  specimen  length  with  minor  additional  AE  activity 
at  Che  crack  location.  Amplitude  levels.  Figure  48,  are  in  the  range  of 
40dB  -  60dB  and  72dB  -  85dB  with, surprisingly,  a  few  events  at  higher  amplitude 
levels  of  95dB.  It  would  seem  that  fiber  failure  also  occurs  in  transverse 


specimens,  and  it  will  be  shown  later  that  some  fiber  splitting  has  been 


observed  in  the  SE>1  studies. 

The  total  number  of  events  (.277)  and  counts  (20,700)  occurring  prior 
to  failure  is  much  smaller  than  that  observed  in  unidirectional  B/Al  (803 
and  264,750,  respectively).  Since  matrix  deformation  is  the  dominant  failure 
mechanism,  the  fewer  number  of  events  occurring  at  lower  amplitude  levels  was 
expected.  Plots  of  events,  counts  and  count-rate  as  a  function  of  load  were 
obtained  and  correlated  with  the  far-field  load-displacement  curves  obtained 
from  Figure  12.  As  expected,  no  jumps  in  load-displacement  curves  were 
observed,  however,  the  nonlinearity  can  be  qualitatively  correlated  with 
increased  AE  activity  with  increasing  load,  Figures  49  and  50.  Also,  the 
number  of  counts  per  event,  Figure  51,  is  relatively  constant  and  smaller  than 
that  of  unidirectional  B/Al,  Figure  44. 

In  the  detection  of  damage  growth  through  monitoring  acoustic  emission,  it 
has  been  demonstrated  for  many  isotropic  materials  that  acoustic  emissions 
occur  only  when  the  material  is  loaded  beyond  a  previously  applied  load  level, 
referred  to  as  the  Kaiser  Effect  (61].  Composite  materials,  however,  behave 
somewhat  differently,  with  emissions  occurring  below  the  previous  load  level. 
This  phenomenon  in  composites  is  called  the  "Felicity  Effect"  [46,47],  and  the 
ratio  of  the  load  at  onset  of  emission  to  the  maximum  previous  load  is  defined 
as  the  "Felicity  Ratio"  [47].  This  effect  has  been  studied  in  the  current 
work  for  various  unidirectional  B/Al  specimens. 

Several  unidirectional  B/Al  specimens  were  loaded  to  a  predetermined  load 
and  then  unloaded.  This  procedure  was  repeated  incrementally  up  to  failure. 
During  the  tests,  events,  counts,  count  rate,  location  and  amplitude  distri¬ 
bution  histograms,  and  CEAD  were  recorded. 

A  schematic  representation  of  counts  versus  load  during  the  unloading/ 
reloading  cycles  is  shown  in  Figure  52.  Deviation  from  the  Kaiser  Effect  is 
clearly  seen,  i.e.  emissions  occur  prior  to  the  previous  load  level.  In  other 
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words,  the  phenomenon  referred  to  as  the  Felicity  Effect  has  been  verified. 


However,  it  was  also  found  that  emissions  occurred  during  the  early  stages 
of  unloading.  Only  upon  further  unloading  does  the  material  become  acoustii  <'v 
"silent".  More  important,  as  shown  in  Figure  52,  three  to  four  load  cycles  were 
performed  for  a  predetermined  load  level,  and  then  repeated  at  several  higher 
load  levels.  It  is  interesting  to  note  that  emissions  occurred  at  each  of 
the  repeated  loading  cycles,  decreasing  with  each  cycle.  Amplitude  distribution 
histograms  indicate  low  amplitude  activity,  within  the  40dB  to  60dB  range. 
Therefore,  it  seems  that  this  additional  AE  activity  is  primarily  attributable 
to  internal  friction  between  newly  created  surfaces,  ore  even  between  fibers 
which  are  in  direct  contact  with  each  other  (see  Section  IV-G)  . 

An  attempt  has  also  been  made  to  determine  the  potential  of  the  AE 
technique  as  an  indicator  of  material  strength,  e.g.  an  acceptance-rejection 
criterion  or  an  indicator  of  allowable  load.  For  this  purpose  the  AE  tests 
also  monitored  the  number  of  recorded  events  and  counts  as  a  function  of  load. 

A  summary  of  representative  results  is  shown  in  Figure  53,  in  which  the 
accumulative  number  of  events  versus  load  is  plotted  for  unidirectional  notched 
and  unnotched  specimens.  Although  somewhat  different  curves  are  obtained  for 
each  of  the  six  crack  sizes,  no  consistent  trend  can  be  seen.  Only  the  unnotched 
specimen  is  distinct;  however,  it  should  be  noted  that  the  width  of  the  unnotched 
specimen  is  half  that  of  the  notched  specimen.  Figure  53  also  demonstrates  two 
additional  effects  which  will  be  discussed  later. 

The  results  shown  in  Figure  53  have  been  replotted  in  Figure  54  with  events 
presented  as  a  function  of  the  percentage  of  ultimate  strength.  Presenting  the 
results  in  this  form  still  shows  no  significant  effect  of  crack  length  (or 
specimen  expected  strength)  on  AE  activity,  either  in  initiation  of  emissions 
or  in  slope  or  general  shape  of  the  curve.  Note  that  the  unnotched  specimen 
data  are  no  longer  distinguishable  from  the  notched  specimen  data.  Other 
attempts  to  determine  the  desired  correlation  have  not  yielded  any  conclusive 
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information  at  this  stage. 

Returning  to  Figure  53,  two  additional  aspects  of  the  AE  results  are 
presented.  First,  a  comparison  of  curves  #6  and  #3,  obtained  for  specimens 
of  similar  crack  size  gripped  with  aluminum  doublers  as  end  tabs  and  with 
sanding  paper,  respectively,  indicates  that  the  latter  clamping  method 
produces  substantially  larger  emission.  This  effect  was  discussed  earlier 
in  this  Section.  All  specimens  except  #8  were  tested  using  aluminum  doublers 
as  end  tabs.  Second,  comparing  curves  #6  and  #9,  obtained  for  specimens  of 
similar  crack  size  with  two  different  pre-set  "windows"  of  "20"  to  "80" 
and  "40"  to  "60",  respectively,  it  can  be  seen  that  a  fewer  number  of  events 
is  recorded  with  the  narrower  window,  which  is  as  expected.  All  test  results 
except  #9  were  obtained  with  a  pre-set  "window"  of  "20"  to  "80". 

In  summary,  the  preliminary  results  presented  here  indicate  that  there  is 
a  potential  for  monitoring  failure  mechanisms  through  acoustic  emission.  The 
possibilities  for  application  of  this  NDI  technique  as  an  indicator  of  material 
strength,  e.g.  an  acceptance-rejection  criterion,  are  inconclusive.  However, 
the  additional  studies  planned  for  the  second  phase  of  this  program  will 
hopefully  clarify  many  aspects  associated  with  the  monitoring  of  acoustic 
emission  in  composite  materials. 

H.  Failure  Modes  and  Fracture  Surfaces  -  As  mentioned  previously,  the  rapid 
changes  in  COD  in  the  notched  unidirectional  B/Al  specimen  are  due  to  fiber 
failure  at  the  crack  tip,  which  subsequently  causes  longitudinal  plastic 
deformation  and  occasional  splitting  in  the  matrix.  The  final  fracture  surface  is 
therefore  fairly  irregular.  Figure  55a.  A  detailed  description  of  this  failure 
mechanism  in  unidirectional  B/Al  composites  is  given  in  [27,34].  No  apparent 
difference  between  notched  and  unnotched  specimens  could  be  distinguished  in 
terms  of  the  general  failure  pattern,  Figure  55a. 


The  failure  process  of  the  [90] g  specimen  is  much  simpler;  in  fact, 
a  self-similar  crack  extension  is  observed.  Figure  55b.  The  fracture  sur-ace 
appears  to  be  fairly  regular  and  coplanar  for  both  notched  and  unnotched 
specimens.  Matrix  dominated  failure  is  observed,  as  expected. 

It  was  previously  discussed  in  Section  IV-A  that  the  ultimate  strength 
of  unidirectional  B/Al  tested  in  this  program  is  relatively  low,  and  that  a 
relatively  large  scatter  in  data  has  been  observed.  An  attempt  has  been 
made  to  account  for  this  low  strength.  The  photomicrographs  shown  in  Figure  56 
reveal  that  the  fiber  volume  fraction  is  approximately  48%.  However,  fiber 
distribution  throughout  the  cross-section  is  not  uniform.  In  some  cases  the 
fibers  are  in  contact  with  each  other  and  in  other  cases  large  spacing  exists, 
up  to  half  of  a  fiber  diameter.  The  cross-sections  shown  in  Figure  56  are 
typical  of  several  specimens  examined.  These  photomicrographs  are.  however,  quite 
similar  to  others  shown  in  the  literature,  therefore  it  is  unlikely  that  the 
lack  of  uniformity  in  fiber  distribution  can  be  the  source  of  the  low  strength 
values  obtained  in  this  work. 

Scanning  electron  microscope  (SEM)  photographs  were  also  taken.  In  order 

to  obtain  a  better  view  of  the  fracture  surfaces  and  better  understand  the 

different  failure  mechanisms,  three-dimensional  (stereo)  views  were  obtained 

for  both  [0] _  and  (90]o  notched  and  unnotched  specimens.  Stereo  scanning 
o  o 

electron  micrographs  of  an  unnotched  unidreictional  B/Al  specimen  (ultimate 
strength  =  1303  MPa),  Figure  57,  indicate  a  very  good  fiber-matrix  bond.  The 
single  fiber  protruding  from  the  matrix  is  coated  with  a  substantial  residue 
of  aluminum,  i.e.  the  shear  strength  of  the  bond  exceeds  that  of  the  aluminum 
matrix.  The  good  fiber-matrix  bond  is  also  manifested  by  the  fact  that  many  of 
the  wedge-shaped  fragments  of  shattered  fibers,  shown  also  in  Figure  57a,  are 
still  embedded  in  the  aluminum  matrix  despite  the  shock  and  sudden  release  of 
elastic  energy  during  fracture.  Very  little  fiber  pull-out  has  been  observed. 
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The  few  protruding  fibers  in  Figure  57a  (and  in  subsequent  Figures)  are 
exceptional  and  are  shown  here  only  to  demonstrate  the  quality  of  the  fiber- 
matrix  bond.  No  matrix-matrix  debonding  has  been  observed,  and  the  large 
amount  of  microvoid  formation  (local  yielding  of  the  aluminum  matrix)  appears 
to  exemplify  the  increased  degree  of  triaxial  restraint  which  occurs  as  the 
matrix-matrix  bonding  is  enhanced  [62].  The  substantial  shattering  of  the  fibers. 
Figure  57a,  and  breaking  of  the  tungsten  core  seems  to  be  limited  to  a  few  fiber- 
diameters  along  the  length  of  the  fibers.  Figure  57b  shows  an  overall  view  of 
a  small  section  of  the  fracture  surface,  The  small  amount  of  fiber  pull-out 
and  the  irergular  pattern  of  the  fracture  surface  (discussed  earlier)  are  apparent. 

The  SEM  photgraphs  shown  in  Figure  58  were  obtained  from  a  similar  unnotched 

specimen  having  an  ultimate  strength  of  1469  MPa.  Generally,  no  difference  in 

the  fracture  surface  morphology  between  the  two  specimens  has  been  observed  and 

the  features  described  above  appear  for  both  the  "weaker"  and  "stronger" 

specimens.  The  only  difference  is  that  the  fracture  surface  of  the  "stronger" 
specimen  is  more  regular.  Figure  58  again  demonstrates  the  good  fiber-matrix 
bond;  however,  to  examine  the  inter  facial  bond  more  accurately,  an  X-ray  examina¬ 
tion  was  performed  on  the  fiber  surface  shown  in  Figure  53b  using  an  energy  dispersive 
X-ray  analyzer  on  the  SEM.  The  result  of  this  examination,  shown  in  Figure  59, 
demonstrates  the  presence  of  aluminum  6061  on  the  fiber  surface,  e.g.  Al,Si,Mg  lines. 

As  mentioned  in  Section  IV-G,  a  notched  unidirectional  B/Al  specimen  was 
loaded  to  a  predetermined  level,  approximately  40%  of  its  expected  ultimate 
strength,  then  unloaded  and  examined  under  the  SEM  after  dissolving  the  outer 
foil  of  the  aluminum  matrix.  Figure  60.  (Photographs  of  the  same  specimen  are 
also  shown  in  Figure  35a.  The  crack  tip  is  located  at  the  left  side  of  the 
photograph  in  both  Figures.)  Figure  60a  shows  a  general  view  of  the  front  layer 
of  fibers,  demonstrating  again  the  nonuniformity  of  fiber  distribution  in  the 
matrix.  The  broken  fiber  in  the  second  layer  is  clearly  seen,  a  detail  of  which 
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is  shown  in  Figure  60b.  Note  the  typical  pattern  of  wedge-shaped  fragments 
with  their  apexes  pointing  toward  the  original  crack  tip.  The  uppermost  left 
fiber  on  the  front  layer  shown  in  Figure  60a  is  broken  due  to  the  burn-out 
resulting  from  the  electrical  discharge  machining  process  of  the  slit,  and  is 
also  detailed  in  Figure  60b. 

SEM  photographs  of  notched  and  unnotched  [90 ] 0  B/Al  specimens  are  shown 

w'  O' 

in  Figure  61.  Careful  examination  of  the  fracture  surface  of  both  specimens 
shows  some  irregularity  in  the  specimen  thickness  direction,  however  it  is 
limited  to  no  more  than  one  fiber  diameter.  The  fibers  shown  in  Figure  61a  are 
practically  clean  of  aluminum  residue.  Throughout  the  fracture  surface  only  one 
split  fiber  has  been  found,  and  this  was  at  the  edge  of  the  specimen  where  a 
complex  state  of  stress  exists  just  prior  to  failure.  The  split  fiber  shown  in 
the  photograph  for  the  unnotched  specimen,  Figure  61b,  is  also  the  only  one 
found  throughout  the  fracture  surface. 

From  the  results  obtained  so  far,  no  clear  answer  can  be  given  in  regards 
to  the  low  strength  values  obtained  for  the  material  system  studied  in  this 
program.  The  manufacturing  process  of  this  material  seems  to  be  adequate.  The 
important  aspect  which  has  not  yet  been  studied  is  the  strength  and  scatter  in 
strength  of  individual  fibers.  The  fibers  are  already  available  and  designated 
as  to  the  plates  for  which  they  were  used,  and  those  tests  will  be  performed  in 
the  second  phase  of  this  program. 

1.  Elevated  Temperature  Tests  -  In  addition  to  the  elevated  temperature  tests 
described  in  Section  IV-D,  a  few  tests  were  conducted  to  obtain  the  variation 
in  stiffness  and  strength  with  temperature.  In  order  to  eliminate  the  effect 
of  inherent  material  scatter,  each  of  the  specimens  was  first  tested  at  room 
temperature  for  stiffness  measurements,  unloaded,  heated  to  a  predetermined 
temperature,  and  retested  to  failure.  The  results  indicate  that  for  unidirectional 
specimens,  neither  stiffness  nor  ultimate  strength  depend  significantly  on 
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temperature.  These  results  do  not  agree  with  those  reported  elsewhere  [63]. 

The  results  given  in  [63]  indicate  a  20%  reduction  in  ultimate  strength  at 
316°C  (600°F) .  However,  different  failure  modes  have  been  observed  in  [63] 
which  con  be  due  to  different  material  fabrication  procedures  and  parameters, 
or  different  filament  diameter,  volume  fraction,  etc.  The  few  tests  results 
for  notched  strength  at  elevated  temperatures  also  show  no  temperature 
dependency  up  to  204°C  (400°F) ,  Table  IV.  Ir.  any  event,  additional  mechanical 
tests  at  elevated  temperatures  and  a  vigorous  study  of  the  basic  failure  modes 
will  be  necessary  before  reaching  any  firm  conclusions. 

The  elevated  temperature  test  results  for  the  [ 90 ] _  specimens  indicate 

O 

quite  a  strong  dependency  on  temperature.  At  temperatures  up  to  204°C  (400°F), 
stiffness  is  reduced  by  approximately  10%  and  strength  by  20%.  At  316°C  (600°F) 
a  significant  reduction  in  both  values  has  been  recorded,  i.e.  80%  and  65%  for 
stiffness  and  strength,  respectively.  These  results  agree  well  with  the 
observations  from  the  load-COD  curves.  Figure  21,  and  the  local  compliances. 
Figures  22  and  23,  all  of  which  indicate  a  variation  in  matrix  properties  at 
elevated  temperatures.  Thus,  additional  studies  on  this  effect  should  be 
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V.  RESULTS  AND  CONCLUSIONS 


In  this  progress  report  we  have  presented  and  analyzed  experimental 
results  on  various  aspects  of  the  fracture  behavior,  deformation  character¬ 
istics  and  failure  modes  of  boron/aluminum  composites.  It  has  been 
demonstrated  that  the  testing  methodology  employed  in  this  program,  namely 
the  use  of  a  variety  of  experimental  techniques,  is  pertinent  and  even 
necessary  to  the  study  of  a  composite  material  system.  A  summary  of  the 
results  presented  in  this  report  is  given  below: 

1.  Compliance  curves:  good  correlation  with  predictions  (energy  release 

rate  and  COD)  for  unidirectional  material.  For  the  [ 90 ] _  specimens, 

o 

additional  testing  is  required. 

2.  Calibration  curves:  isotropic  width  correction  factor  can  be  applied. 

3.  Fracture  strength:  results  indicate  relatively  low  unnotched  strength 
for  unidirectional  material,  while  the  [ 90] g  specimens  have  the 
expected  strength  values. 

4.  Notched  strength:  concept  of  critical  damage  zone  size  can  be  applied. 

5.  Notch  sensitivity:  somewhat  better  than  that  obtained  elsewhere  for 
the  same  unidirectional  boron/aluminum  system.  Very  little  notch 
sensitivity  observed  for  [ 9 0 ] g  specimens. 

6.  Elevated  temperature  tests:  load-COD  curves  successfully  obtained. 

Good  control  in  applying  high  temperature  strain  gages. 


b.  significant  effect  on  strength  and  stiffness  of  [ 90 ] _  specimens. 
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c.  significant  effect  on  local  compliance  curve  of  unidirectional 
material. 

d.  significant  effect  on  load-COD  curves  of  unidirectional  material. 

e.  effects  matrix-controlled  failure  mechanisms  and  crack  tip  damage 
growth  in  both  laminates. 

8.  Fracture  surface  and  crack  tip  damage: 

a.  in  unidirectional  material,  crack  tip  damage  appears  in  the  form 
of  plastic  deformation  of  the  ductile  matrix  in  the  longitudinal 
direction.  Prior  to  failure,  multiple  longitudinal  plastic  zones 
appear,  accompanied  by  fiber  failure,  both  of  which  result  in 
irregular  fracture  surfaces  for  both  notched  and  unnotched  specimens. 

b.  in  [90]g  specimens  self-similar  crack  extension  is  observed;  fracture 
surface  is  fairly  regular  and  coplanar. 

9.  Failure  modes: 

a.  fracture  surface  morphology  of  unidirectional  boron/aluminum  does  not 
reveal  any  dominant  differences  between  "weak"  specimens  and  "strong” 
specimens . 

b.  a  strong  fiber-matrix  interfacial  bond  exists  with  no  fiber-matrix 
debonding  in  the  unidirectional  material. 
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c.  the  degree  of  fiber  shattering  indicates  high  elastic  energy 
release  at  failure,  and  therefore  high  fiber  loading. 

d.  no  significant  fiber  pull-out  is  observed. 

e.  very  good  matrix-matrix  bond  is  observed. 

f.  the  fabrication  process  seems  to  be  adequate,  providing  for  good 
fiber-matrix  bond,  however,  the  irregular  fiber  spacing  may  be 
the  cause  of  repeated  acoustic  emission  during  loading/unloading 
cycles . 

g.  the  transverse  strength  is  dominated  by  the  matrix,  with  ductile 
failure  of  the  6061  alloy. 

h.  the  irregular  fiber  spacing  may  be  the  cause  of  the  irregular 

fracture  surface  in  the  specimen  thickness  direction  for  [90] Q 

o 

specimens . 

i.  practically  no  fiber  splitting  is  observed  in  either  unidirectional 
or  transverse  specimens. 

j.  fiber  surfaces  in  the  [90]  specimens  are  clean  of  any  aluminum 

O 

matrix  residue. 

10.  Acoustic  emission  (AE)  information  obtained  includes  accumulative  counts 
and  events,  count  rate,  location  and  amplitude  distribution  histograms. 
Cumulative  Event  Amplitude  Distribution  (CEAD)  and  counts  per  event, 
all  in  real-time. 
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11.  Acoustic  emission  results  include: 


a.  potential  for  distinguishing  between  various  failure  mechanisms 
by  means  of  AE  characteristics. 

b.  detection  of  initiation  and  progression  of  damage  and  of  the 
failure  site. 

c.  a  qualitative  correlation  between  acoustic  emission  events  (and 
counts)  and  deformation  characteristics  as  detected  in  the  load- 
displacement  curves. 

d.  during  unloading/reloading  cycles  emission  occurs  in  the  early 
phase  of  unloading,  and  initiates  again  in  the  reloading  stage 
prior  to  the  previous  load  level. 

e.  this  early  initiation  of  emission  does  not  necessarily  mean 
additional  damage;  existing  damage  is  most  probably  the  cause. 

f.  attempts  to  use  AE  data  for  screening  weak  specimens  have  been 
inconclusive . 

g.  significant  effect  of  specimen  gripping  method  on  AE  results  is 
noted . 

h.  data  on  accumulative  counts  are  insufficient  for  determining 
material  susceptibility  to  failure. 

12.  Acoustic  emission  potential  exists  as  an  NDI  tool,  however  expectations 
will  remain  too  high,  encouraging  skepticism,  unless: 

a.  basic  studies  are  conducted  on  constituents  and  "simple”  composite 
structures ; 
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b.  standardized  Laboratory  test  methodology  is  employed; 

c.  instrumentation  is  interfaced  with  data  acquisition  systems. 
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VI  .  RECOMMENDATIONS 


The  results  of  this  work  indicate  that  elevated  temperatures  do  possibly 
have  an  effect  on  the  fracture  behavior,  deformation  characteristics,  failure 
modes,  and  microstructure  of  boron/aluminum  composites.  Also,  the  constituents 
(filament  diameter  and  aluminum  matrix  alloy)  may  effect  the  local  and  global 
composite  properties,  fracture  behavior,  and  notch  sensitivity  at  room  and 
elevated  temperatures.  The  potential  of  some  of  the  testing  methods  and 
concepts  employed  in  this  program  deserve  to  be  investigated  in  more  detail. 

It  is  therefore  our  intent  to  pursue  the  following  general  subjects  and 
directions  during  the  second  phase  of  this  program. 

1.  A  detailed  study  on  the  effect(s)  of  elevated  temperatures  on 
crack  tip  damage,  damage  growth,  notch  sensitivity,  failure  modes, 
damage  mechanisms,  etc. 

2.  All  the  described  testing  methodologies  will  continue  to  be  applied. 

3.  In  addition  to  the  NDI  test  methods  applied  in  this  program,  the 
potential  application  of  other  NDI  techniques  such  as  X-ray 
radiography  and  ultrasonic  C-scan  will  also  be  explored. 

4.  Basic  material  properties  at  elevated  temperatures  will  be  included. 

5.  Basic  constituent  properties  of  different  boron  filament  diameters 
and  aluminum  matrix  alloys  will  be  obtained. 

b.  Effect(s)  of  constituents  on  fracture  behavior,  notch  sensitivity 
and  failure  modes  will  be  included. 

7.  A  study  of  various  unidirectional  boron/aluminum  systems  and 
boron/aluminum  laminates  will  be  included. 
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8.  Investigation  into  the  potential  application  of  acoustic  emission 
to  damage  detection  will  be  continued: 

a.  studies  would  be  carried  out  on  the  constituents  and  "simple” 
composite  structures  to  obtain  "base-line"  data. 

b.  acoustic  emission  results  will  be  compared  with  results  from 
other  NDI  techniques  such  as  X-ray  radiography  and  ultrasonic 
C-scan,  and  correlated  with  load-displacement  curves  and 
failure  mode  examinations. 

c.  the  validity  of  the  Kaiser  and  Felicity  effects  will  be  investi¬ 
gated  . 

d.  the  potential  of  specific  acoustic  emission  acceptance-rejection 
criteria  will  be  explored. 

e.  an  attempt  will  be  made  to  interface  the  acoustic  emission 
instrumentation  with  the  available  data  acquisition  system  to 
provide  parametric  analyses  capabilities. 

9.  The  effect  of  heat  treatment,  i.e.  solution  treatment  and  aging, 
of  the  aluminum  alloy  will  be  assessed  with  regard  to  notch 
sensitivity  and  transverse  properties.  This  part  of  the  program 
will  be  conducted  at  both  room  and  elevated  temperatures. 

10.  The  microstructural  variations  in  matrix,  fiber,  and  interfacial 
failure  with  regard  to  test  temperature,  heat  treatment,  and 
various  combinations  of  constituents  will  be  examined  via  optical 
and  electron  microscopy  techniques. 
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VII.  RESEARCH  PARTICIPANTS 


A.  Pare! cipants  -  This  research  has  been  performed  in  the  Department  of 
Mechanical  Engineering  and  Mechanics  and  in  the  Department  of  Materials 
Engineering.  Dr.  J.  Awerbuch  was  the  principal  investigator,  and  collaborated 
with  Dr.  M.  J.  Koczak  as  research  investigator,  assisted  by  Mr.  H.  E.  Perkinson, 
a  graduate  student  in  our  department,  as  well  as  by  three  undergraduates  (co-op 
and  part-time  students). 

1.  Principal  Investigator  -  Dr.  J.  Awerbuch:  Dr.  J.  Awerbuch  was 
responsible  for  the  overall  execution  of  the  research  study  in  all  phases  of 
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2.  Research  Investigator  -  Dr.  M.  J.  Koczak:  Dr.  M.  J.  Koczak  was 
responsible  for  the  microstructural  studies,  primarily  on  the  microscope  and 
SEM  examinations  of  failure  mechanisms. 

3.  Graduate  Assistant  -  Mr.  H.  E.  Perkinson:  Mr.  H.  E.  Perkinson,  after 
familiarizing  himself  with  all  aspects  of  the  laboratory  activities  and 
organizing  the  laboratory  for  this  project,  conducted  the  actual  experimental 
program  in  all  its  phases,  including  data  reduction  and  analyses. 

4.  Student  Assistants:  The  assistance  of  four  undergraduate  students, 
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S.  Ellis)  was  required  for  the  time-consuming  processes  of  specimen  preparation 
and  data  reduction  schemes. 

5.  Technical  Assistance  provided  by:  J.  Steinman,  laboratory  technical 
assistance;  A.  Seneca,  laboratory  supervision;  D.  Weber,  illustration  graphics; 

J.  Trachtman, manuscript  preparation. 
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Raumfahrt  E.V.  (DFVLR) ,  Institute  fur  Strukturmechanik,  Braunschweig, 

Federal  Republic  of  Germany,  December  11,  1979. 

"Fatigue  Behavior  of  Unidirectional  (On-Axis  and  Off-Axis)  Graphite/Epoxy 
Composites",  a  seminar  given  in  the  Deutche  Forschungs  -  un  Versuchsanstalt 
fur  Luft  -  und  Raumfahrt  E.V.  (DFVLR),  Institute  filr  Strukturmechanik, 
Braunschweig,  Federal  Republic  of  Germany,  December  16,  1979. 

Also  presented  in  Laboratorium  fur  Betr ibs f estigkeit  (LBF) ,  Darmstadt, 
Federal  Republic  of  Germany,  December  13,  1979. 

"Impact  Damage,  Notch  Sensitivity  and  Fracture  Behavior  of  Composites", 
seminar  given  in  Texas  ASM  University,  November  28,  1979. 

Also  presented  in  DFVLR,  Institute  fur  Strukturmechanik,  Braunschweig, 
Federal  Republic  of  Germany,  December  18,  1979. 

"Impact  Damage  in  Composites",  in  workshop  on  Principles  of  Fracture  in 
Composite  Materials,  Deutche  Forschungs  -  und  Versuchanstalt  fur  Luft  -  und 
Raumfahrt  E.V.  (DFVLR),  Institute  fur  Strukturmechanik,  Braunschweig, 

Federal  Republic  of  Germany,  June  9-13,  1980. 

Informal  visits  to  Celanese,  United  Technology  Research  Center  and  DuPont  Co. 
for  Acoustic  Emission  Testing  and  Demonstrations. 

Research  Grant:  "Deformation  Characteristics  and  Failure  Modes  of  Notched 
Graphite  Polyimide  Composites  at  Room  and  Elevated  Temperatures",  NASA 
Langley  Research  Center. 
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2.  M.  J.  Koczak 


Kim,  W.  H.,  Koczak,  M.  J.  and  Lawley,  A.:  "Effects  of  Isothermal  and 
Cyclic  Exposures  on  Interface  Structure  and  Mechanical  Properties  of 
FP*-a-Al203/Aluminum  Composites  in  "New  Developments  and  Applications  in 
Composites",  AIME,  1980. 

Metal  Matrix  Composites,  presented  in  Carpenter  Technology,  Reading, 
Pennsylvania,  August  17,  1979. 

Kim,  W.  H.,  Koczak,  M.  J.  and  Lawley,  A.:  Effects  of  Isothermal  and  Cyclic 
Exposures  on  Interface  Structure  and  Mechanical  Properties  of  FP*-a-Al203/ 
Aluminum  Composites  in  "New  Developments  and  Applications  in  Composites", 
AIME  Fall  Meeting. 

Pattnaik,  A.,  Koczak,  M.  J.  and  Rogers,  H.  C.:  Compressive  Failure  Behavior 
of  FP*-a-Al203/Aluminum  Composites  in  "New  Developments  and  Applications  in 
Composites",  AIME,  1980. 

Skinner,  A.,  Koczak,  M.  J.  and  Lawley,  A.:  "A  Work  of  Fracture  Study  in 
Aluminum  Matrix  Composites",  1980  AIME  Meeting,  Las  Vegas,  February  1980, 
submitted  to  Met.  Trans. 

Research  activity:  other  research  activities  based  upon  sponsorships 
from  NASA  and  NRL  contracts. 


3 .  H.  E.  Perkinson 

"Servo  Hydraulic  Equipment"  a  5-day  workshop  conducted  by  Instron  Corp . , 
August  20-25,  1979,  Canton,  Mass. 

"Strain  Gage  Principles  and  Applications",  a  2-day  workshop  conducted  by 
Measurement  Group,  September  26-27,  1979,  Raleigh,  N.  C. 

"Modern  Strain  Gage  Instrumentation",  a  one-day  workshop  conducted  by 
Measurement  Group,  September  28,  1979,  Raleigh,  N.  C. 

Informal  visit  to  Celanese  Corp.,  N.  J.  for  Acoustic  Emission  Testing  and 
Demonstration . 

Research  on  Fracture  Behavior,  Failure  modes,  monitoring  damage  growth 
through  acoustic  emission  and  effect  of  constituents  on  fracture  of 
boron  aluminum  composites  at  room  and  elevated  temperatures. 
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Figure  8.  Stress-strain  curves  for  [0]„  and  [90]  5.6  mil.  Il/Al  6061  F 
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Figure  11.  l.o ad-COD  ( load infi-im loading)  curves  lor  unidirectional  5.6  mil 

B/A1-6061F  specimens  obtained  with  IDG  (crack  length  =  7.56  mid) • 
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Load-COD  curves  for  [901a  3.6  mil  B/Al-60611'  specimens  for  various 
crack  lengths  obtained  with  the  IDG. 
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Figure  14.  Detail  of  far-ficld  load-displacement  curve  for  [90]g 
6061F  obtained  witli  the  compliance  ;>a;;o  (crack  lenptli 


Example  of  three  load-COD  curves  at  initial  loading  for  unidirectional 
5.6  mil  B/A1-6061F  specimens  obtained  with  the  IDG  (crack  length  = 


Figure  16.  Global  compliance  versus  crack  length  for  unidirectional 
B/A 1-606 1 F . 
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Figure  17.  Global  compliance  versus  crack  length 
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sure  19.  Local  compliance  vermis  crack  length  for  [90|g  5.6  mil  P./Al -6061 F . 
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Figure  21.  Load-COD  curves  for  unidirectional  5.6  mil  B/A1-6061F  at  various 
temperatures,  obtained  with  the  IDG  (crack  length  =  7.60  mm). 


Initial  Joad-COD  curves  for  unidirectional  5.6  mil  B/A1-6061F  at 
various  temperatures,  obtained  with  the  IDG  (crack  length  =  7.60 
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Comparison  of  analytical  (WEK  model)  and  experimental  results  on 
notched  strength  for  unidirectional  5.6  mil  B/A1-6061F. 
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Figure  29.  Amplitude  distribution  histograms  for  unnotched  unidirectional  5.6  mil 
B/A1-6061F  specimen  at  various  load  levels  (crack,  length  =  12.90  mm). 
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Figure  32.  Amplitude  distribution  histograms  (in  linear  and  logarithmic  scales) 
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gure  33.  Location  distribution  histograms  (in  linear  and  logarithmic  scales) 
for  notched  unidirectional  5.6  mil  B/A1-6061F  specimen  loaded 
to  40%  of  expected  ultimate  load  (crack  length  =  7.64  mm). 
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Figure  34.  Amplitude  distribution  histogram  and  Cumulative  F.vent  Amplitude 

Distribution  for  notched  unidirectional  5.6  mil  B/A1-6061F  specimen 
loaded  to  40%  of  expected  ultimate  load  (crack  length  =  7.64  mm). 


Figure  35.  Scanning,  oli'ctrun  mi  rrnsnipp  phot  op  raphs  of  broken  1  ihers  at  or 
(after  (J  i  s.so  I  v  I  n>;  alumimiin  matrix)  lor  unidireet  ional  5.(i  mil  H 
600  IF  specimen  loaded  to  40%  of  expected  ult  imate  load  (crack  1 
7.04  mm):  a.  crack  tip  damape,  broken  I  il>er  seen  in  third  lave 
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Figure  36.  (Continued) 


Figure  37.  Amplitude  distribution  histograms  for  notched  unidirectional  3.6  mil 
B/A1-6061F  specimen  at  various  load  levels,  clamped  with  sanding 
paper  (crack  length  «=  10.69  mm). 


Load  Range  Events 


Figure  38.  Cumulative  Event  Amplitude  Distributions  for  notched  unidirectional 
5.6  mil  B/A1-6061F  specimen  at  various  load-levels,  clamped  with 
sanding  paper  (crack  length  =  10.69  mm). 


Figure  39.  Location  distribution  histograms  (in  linear  and  logarithmic  scales)  for 
unnotched  unidirectional  5.6  mil  B/A1-6061F  specimen  after  failure. 
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Figure  42.  Far-field  load-displacement  curve  and  accumulative  events  and  counts 
as  a  function  of  load  for  notched  unidirectional  5.6  mil  B/A1-6061F 

specimen  (crack,  length  =  7.70  mm). 
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Figure  hl>.  Acrurmi  1  nt  i  ve  counts  per  events  for  notched  unidireet  ion.il  ).6  mil 
B/A 1-006 IF  (cr.'ick  length  ~  7.70  mm). 


Figure  45.  Location  distribution  histograms  (In  linear  and  logarithmic  scales) 
for  notched  unidirectional  5.6  mil  B/A1-6061F  specimen  after  failure 
(crack  length  =  7.70  mm). 
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Figure  46.  Amplitude  distribution  histograms  (in  linear  and  logarithmic  scales) 
for  notched  unidirectional  5.6  mil  B/A1-6061F  specimen  after  failure 
(crack  length  =  7.70  mm). 
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Figure  47.  Location  distribution  histograms  (in  linear  and  logarithmic  scales) 
for  notched  [90]8  5.6  mil  B/A1-6061F  specimens  after  failure  (crack 
length  =  7.63  mm). 


Figure  48.  Amplitude  distribution  histograms  (in  linear  and  logarithmic  scales) 
and  Cumulative  Event  Amplitude  Distribution  for  notched  (90]g  5.6  mil 
B/A1-6061F  specimens  after  failure  (crack  length  -  7.63  mm). 
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Figure  49.  Far-fleld  load-displacement  curve  and  accumulative  events  and  count 
as  a  function  of  load  for  notched  [90Jg  5.(>  mil  B/AI-6061F  specimen 
(crack  length  =  7.63  mm). 
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Figure  50.  Far-field  load-displacement  i.irve  and  count  rate  (per  1.0  second)  ns 
a  function  of  load  for  not  died  [9d]g  5.6  mil  B/A 1-606 IF  specimen 
(crack  lengtli  =  7.6)  mm). 


Figure  52.  Accumulative  counts  as  a  function  of  load  during  loading/unloading 

cycles  for  unidirectional  5.6  mil  R/A1-6061F  (crack  length  =10.19  mm). 
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Figure  58.  Scanning  electron  microscope  micrographs  of  fracture  surface: 

a.  General  View;  b.  Individual  fiber  for  X-ray  examination  of 
fiber  surface.  (Ultimate  strength  =  1409  MPa.) 


Figure  59.  X-ray  examination  of  fiber  surface  shown  in  Figure  5Kb  using  an 
energy  dispersive  X-ray  analyzer  on  the  S i.M . 
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